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SUMMARY
1. This thesis addresses the major problem of providing ‘safe’ drinking water to small rural and urban 
populations, which are dependent upon polluted surface water sources. The problem is addressed 
in the context of the Andean highlands of Colombia and based on gravity flow systems, but the 
solutions proposed may be applicable in other parts of the world.
2. The central hypothesis of the thesis is that the appropriate combinations of different type of 
filtration stages provide a uniform quality of water of low risk to consumers. Where institutional and 
community development make chemical disinfection constantly reliable, the addition of low dose 
terminal disinfection should be enough to ensure that the drinking supply is safe.
3. The hypothesis was initially tested in the Cauca River valley at pilot scale. A range of designs of 
upflow, downflow and horizontal flow coarse gravel filters followed by slow sand filtration were 
compared in an intensive evaluation for their ability to remove key water quality parameters. A 
novel dynamic fine gravel filter was developed by the author and introduced in advance of the 
coarse gravel filters to cope with peaks of suspended solids.
4. Highly improved filtrates were achieved during the pilot scale trials and detailed comparative 
analyses demonstrated the strengths and weaknesses of all component stages. Bacteriological 
and turbidity removals were particularly impressive compared with earlier studies in Peru and 
elsewhere. The most efficient combinations of filtration stages consistently achieved five-log faecal 
coliform removal and this contributed to the full-scale application of the technology within the 
region.
5. Full scale systems in a range of locations in the Cauca Valley, and elsewhere in Colombia, have 
demonstrated convincingly that the combination of dynamic gravel filtration, singie or multistage 
coarse gravel filtration and slow sand filtration provide a robust, reliable and efficient technology. It 
can be successfully operated and maintained at community level, and even without terminal 
disinfection, multistage filtration provides a consistently low risk drinking water. The inclusion of 
terminal disinfection provides a fail-safe barrier against occasional high peaks of pollution.
6. The work carried out during the course of this thesis has established multistage gravel filtration as 
an essential technology when dealing with polluted waters of highly variable quality, and more 
appropriate and economical than so-called ‘conventional’ water treatment for small to medium size 
rural and urban communities.
7. The research has introduced and established dynamic fine gravel filters as a vital and economical 
component in multistage filtration, which is capable of dealing with occasional high peaks of 
pollution within established routines of maintenance.
8. The studies on full-scale systems over the past 5 to 10 years have demonstrated that the 
technology is sustainable in the hands of local operators as a result of a participatory and joint- 
learning project approaches.
9. The limits of the technology with respect to extremes of raw water quality have been defined. A 
selection procedure to identify and combine filtration stages in a treatment plant is proposed. It is 
based on a set of treatment objectives, contamination levels in raw water sources, and removal 
efficiencies expected at each treatment stage.
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1 INTRODUCTION
Water is essential for all forms of life. However, excess water, scarcity and poor water 
quality all affect human health and well being. Safe drinking water supply and basic 
sanitation (WS&S), together with hygiene education, are considered fundamental 
components to improve the quality of life and productivity in human settlements. These 
components of the water sector reduce the sanitary risks associated with the environment 
and interact with different areas of development also relevant to health, such as 
employment, agriculture and housing (Esrey et al, 1990; WASH, 1993; Traverso, 1996). 
Accordingly, substantial efforts to improve WS&S have been made in recent decades. For 
example, in the 1980s, during the International Drinking Water and Sanitation Decade 
(IDWSSD), over 1,350 million people were covered with new water supply (WS) facilities 
and 750 million with sanitation services. However, these efforts were not sufficient, since by 
the end of the Decade around 1,600 million people were still lacking access to WS and 
some 2,600 million in need of adequate sanitation services as shown in table 1.1 (WHO, 
1996).
Table 1.1 Water supply and sanitation coverage at global and Latin American and the 
Caribbean in 1990 and 1994 (adapted from WHO, 1996).
1990 (Population in millions) 1994 (Population in millions)
Area Total Access Coverage (%) Total Access Coverage (%)
Water Sanitat. Water Sanitat. Water Sanitat Water Sanitat.
G LO BA L
Urban 1,389 1,145 931 82 67 1,594 1,315 1,005 82 63
Rural 2,682 1,342 536 50 20 2,789 1,953 505 70 18
Total 4,071 2,487 1,467 61 36 4,383 3,268 1,510 75 34
LATIN AM ERICA AND THE C A R IBBEA N
Urban 314 282 262 90 83 348 306 254 88 73
Rural 126 64 42 51 33 125 70 42 56 34
Total 440 346 304 79 69 473 376 296 79 63
The people served with WS in the period 1990 -1994 increased but the effects of high 
population growth and accelerating urbanisation outstripped the rate of development; the 
coverage values remained the same at a global level and became 2% lower in Latin America 
and the Caribbean (LAC). While changes in the definitions of “adequate" sanitation (WHO,
1996) had an impact (the number of people considered to be covered fell by 31 million at 
global level), the comparison with WS progress shows that sanitation is being given a lower 
priority in development programmes. This tendency appears to be stronger in the case of the 
LAC region.
Whereas comparative coverage figures are increasingly being used to report water sector 
improvements at global, regional, and national levels, they are not easy to analyse since the 
values presented do not necessarily correspond to the same type of service in each country. 
For example, the target time or distance necessary to go to collect the water are not reported 
in a standard way and the target quantities of water per capita to be provided or the type of 
sanitation facility installed also vary from one country to another. Without standardised
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reporting procedures for the key service indicators it is not possible to make valid 
comparisons and it is also difficult to identify key problems and set priorities.
However, some project reports and institutional data show that many systems provide neither 
the continuity nor the quality that is needed. In fact, in the great majority of small 
communities disinfection is not practised at all, and Reiff (1988) has indicated that around 
70% of all disinfection units in Latin America are not working properly. In Peru, it was found 
that 100% of small WS included in a experimental water surveillance study failed to meet 
basic drinking water quality criteria (Lioyd & Helmer, 1991). In Ecuador more than 75% of 
drinking water supply depends on surface water (Foster et al, 1987). Problems of continuity, 
quantity or quality were identified in the majority of WS systems included in participatory 
evaluations in Ecuador (Visscher et al., 1996) and Bolivia (Quiroga et al., 1997). Besides, 
most of these reports show that the organisations responsible for providing the WS&S 
services do not manage to cover even the cost of operation and maintenance. This situation 
usually leads to inadequate functioning and eventually to abandoning of the infrastructure, 
representing a considerable loss of investment and high political and socio-economic cost.
In January 1991, from beginnings in Peru, epidemic cholera invaded the Americas for the 
first time in the 20th century, resulting in 391,219 cases with 4,002 deaths by the end of the 
year, in 1992, 353,811 cases with 2,396 deaths were reported in 19 countries. In 1993 the 
total number of registered cases declined to 206,259 (Traverso, 1996). However, in 
Colombia the number of cases were presenting a tendency to increase, with 1,002 in the 
year 1994, 1,783 in the year 1995, and 2,453 in the first half of the year 1996 (OPS/PAHO,
1997). It was noted by the World Health Organisation that:
“The [epidemic] outbreaks of cholera [throughout] the countries of Central and South America are 
an ample reminder of how quickly the adverse health impacts of unsatisfactory water supply and 
basic sanitation appear and accelerate. The question is not only one of providing facilities, although 
it is of prime concern in the first instance, but also of sustaining them through adequate provision 
for operation and maintenance of systems, and ensuring their proper utilisation through adequate 
health and hygiene education” {WHO, 1996).
1.1 An Overview of the Water Supply and Sanitation Sector in Colombia
In Colombia, between 1975 and 1993, US$ 2.8 billion was invested in WS&S sector. 
Coverage values increased 25% for both piped connections (51 to 76%) and sewerage 
systems (38 to 63%). These values only include “conventional" (sewerage) solutions. In fact, 
by 1993 the access to sanitation should be 74%, including 8% access to septic tanks and 3% 
access to latrines. The main advances started in the 1990s with the sector receiving an 
average investment of 0.5% of the GNP of the country (the GNP per capita in 1995 was 1910 
US$ for Colombia and 3320 US$ for Latin America). During the decade of the 1980s the 
Latin American countries invested on average 0.2% of their GNP (DNP, 1995; OPS/PAHO, 
1997; WB, 1997). Nevertheless, by 1994, 8.6 million Colombians still did not have access to 
piped water supplies and 9.3million lacked access to sanitation. Following the international 
pattern, the situation was worst in the smaller cities and the rural areas as illustrated in table 
1.2.
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Table 1.2 Access to WS&S in Colombia in 1985 and 1993 (DNP, 1995; Ministerio de Salud, 
1998a; DANE, 1993).
Year 1985 1993
Type of Settlement Population
Access (%) Population Access (%)
(Millions) Water Sewerage (Millions) Water Sewerage
4 Major cities 8.0 89 82 10.3 88 84
Capitals and cities > 105 5.5 71 63 7.5 88 78
Other urban areas 6.2 82 63 8.8 84 69
Rural areas 10.4 12 2.4 10.8 44 19
TOTAL 30.1 58 47 37.4 76 631
1. The total access to sanitation was 74%: sewerage 64%; septic tanks 8%; latrines 3%
Now this is especially relevant because of the decentralisation process in the WS&S sector. 
By 1993 there were 3.3 million people in the urban part of 860 municipalities in Colombia, 
which had less than 12,500 people in their urban area (table 1.3). The problems in the main 
cities were concentrated in their urban-fringe areas where the “conventional”, centralised, 
type of technologies are not viable technically and economically. In Bogota alone it is 
estimated that 0.6 million people do not have access to water supply and one million to 
sanitation (Marin, 1995). Furthermore like in the other Andean countries, part of the 
population already covered are facing problems due to the poor performance of the systems.
Table 1.3 Distribution of Colombian municipalities by population ranges (DANE, 1993)
Ranges based on the 
number of inhabitants
Number of municipalities 
in each range %
Urban population in 
each range
< 2,500 419 40 558,110
[2,501 - 5,000) 226 21 881,672
[5,001 -12,500) 215 20 1*865,606
[12,501 -30,000) 103 10 2*097,759
[30,001 -100,000) 62 6 1*140,888
[100,001 -500,000] 27 2 6*728,248
> 500,001 5 1 11*006,250
TOTAL 1,057 100% 24*278,533
In 1993 the total (urban plus rural) population of Colombia was 37'448,000
In an evaluation of 49 projects financed by FINDETER and other national agencies, 
problems of sustainability were identified (FINDETER, 1996; Restrepo et al, 1998). These 
problems were related to different factors throughout the whole cycle of the projects, such as 
poor technology selection or specification, managerial or technological limitations at local 
level to operate the systems or insufficient support from the national or departmental 
agencies.
Because of its geography and topography, Colombia has an annual average rainfall of 3,000 
mm, with 88% of the territory presenting values higher than 2,000 mm. These values are 
above the average of 1600 mm/year for South America, and the global average of 900 
mm/year (Ministerio del Medio Ambiente, 1996). As shown in table 1.4, the Temperate Zone, 
between 1,000 and 3,000 m above sea level (masl), represents 35% of the surface of the 
country, with 34% of the water offer, and supporting 66% of the population. Besides, 38% of 
the agriculture and the livestock farming and significant part of the factoring also take place 
in this zone. By the year 2016, if the present pattern of increasing demand and reducing offer
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due to poor catchment protection persists, 19% of the Colombian municipalities and 38% of 
the population will suffer water supply shortages (IDEAM, 1998).
Table 1.4 Distribution of the surface area, population, and available water at different height 
ranges of Colombia, Ministerio del Medio Ambiente (1996)
Height1 Surface Area (%) Population (%) Water Offer (%)
>3,000 9 1 4
1,000-3,000 35 66 34
<1,000 56 33 62
1. masl, meters above sea level,
Due to the mountainous topography, poor protection of the water sources, and the 
inadequate practices of wastewater and solid waste management, the sanitary risks 
associated with the water are becoming higher in the Temperate Zone and in the lower land 
areas. Water treatment is therefore becoming more complex, costly or less reliable 
(OPS/PAHO, 1997). Only 206 (<20%) of municipalities in Colombia have some facilities to 
treat their wastewater, with few reliable data about their performance. Besides, surface water 
may show unpredictable, erratic changes in raw water quality due to run off during the rainy 
periods. This represents a critical problem for waterworks operators, particularly when there 
is not real-time monitoring and no automatic dose control to adjust for such changes. This is 
highly relevant in Colombia, where close to the 80% of the WS systems depends on surface 
water (Foster et al, 1987; Ministerio de Desarrollo, 1998).
Colombia presents serious problems of drinking water quality. According to the Ministry of 
Health (Ministerio de Salud, 1992), only 62% of the population had access to safe drinking 
water in the urban areas and 10% in the rural areas. Fifty five per cent of WS systems had 
some type of treatment, but only in 28% it was considered to be adequate to process the 
water. The situation was even worse if we consider only smaller towns (<12,500 people) and 
rural areas where only 30% of the systems had some type of treatment, being adequate in 
only 9% of the systems. In 1997, Colombia had 1,068 municipalities. Based on a survey of 
641 of those municipalities executed during 1997, the Ministry of Health (Ministerio de Salud, 
1998a) found that only 49 % (315) had adequate treatment facilities. Besides, only 40% 
(256) of the surveyed municipalities were providing water continuously (24 hd'1). Based on 
this survey it was estimated that 70% of the urban population had access to safe drinking 
water, but without making reference to the limited coverage of the urban fringe areas in the 
major cities. The rural settlements were not included in this survey and the situation in the 
smaller municipalities remained similar to that found in 1992, as can be seen in table 1.5.
A summary of a national WS&S inventory performed in 1997 by the Ministry of Economic 
Development (Mondragon, 1998) reports the existence of 936 water treatment plants, 110 of 
them serving the 45 cities having more than 105 inhabitants in their urban areas. These cities 
have 67% of the urban population of the country.
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Table 1.5 Safe drinking water coverage in the urban part of a sample of 641 municipalities of 
Colombia in 1997. (Ministerio de Salud, 1998a)
Population range Urban population in the range Safe drinking water coverage (%)
<2,500 228,892 9.6
[2,500-10,000) 1’292,183 17.5
[10,000-50,000) 3'428,900 30.1
[50,000-100,000) 1’293,198 54.0
[100,000-500,000] 7'118,636 64.8
>500,000 8'017,571 1002
Total 21'379,3801 70
1. Colombia had 1,068 municipalities in 1996 with a urban population of 27769,687 and a total population (urban + rural) 
of 39'511,000 (DANE, 1999)
2. it seems to be that the limitations of coverage and quality of the services in urban fringe areas were not considered in 
presenting this value.
Table 1.6 illustrates the types of technologies used in these water treatment plants. This 
summary also shows that only 42% (395) of the plants were using laboratory facilities, either 
inside the plant (24%) or outside (18%). Since there is not a regular water surveillance 
programme at national level, it is not clear how this infrastructure is performing. However, in 
a sample of 85 plants it was found that 29% had problems to obtain chemical reagents and 
31% did not have equipment to control their treatment processes (Cinara, 1998).
Table 1.6 Water treatment technologies used in urban areas of Colombia (Mondragbn, 1998)
Water treatment technology Number %
Rapid filtration (202 compact type) 789 84
Slow sand filtration (S SF ) 113 12
Multistage filtration (S SF  + gravel pref.) 19 2
Others 15 2
TOTAL 936 100%
The great majority of these plants are based on rapid filtration (RF) of water, which is 
chemically coagulated. RF has evolved quickly during recent decades and is used 
worldwide. Latin American engineers have made important contributions in the upgrading of 
the unit processes involved in RF and in the simplification of the equipment, thus facilitating 
operation and maintenance (O&M) and reducing investment and operational costs (Arboleda, 
1993; Di Bernardo, 1993). However, O&M of this technology still continue to be demanding. 
In effect, the requirements for administration, buying, transporting, storing, and properly 
dosing chemical compounds, strongly limits the wider application of this type of technology in 
rural communities, and smaller municipalities.
Slow sand filtration (SSF) has been successfully applied in the northern part of Europe and 
North America, but treating surface waters with relatively low levels of contamination 
(Rachwal et al, 1988; Sims and Slezak, 1991). However, in Latin American countries, like 
Brazil (Hespanhol, 1969; Di Bernardo, et al., 1999), Peru (Canepa, 1982; Pardon, 1989) and 
Colombia, the experience with SSF has not been successful, because the technology was 
not used in harmony with the local conditions. Multistage filtration (MSF), a combination of 
SSF and gravel filters, is an emerging technology, aiming to overcome part of the limitations 
of SSF. The development of MSF started in Latin America in the 1980s with promising 
results (Pardon, 1989; Galvis et al, 1989) and is being gradually introduced into the water 
supply systems in Colombia and other LAC countries.
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The problems of affordability and technical complexity associated with small to medium water 
treatment facilities are relevant for all high, medium and low income country economies. In 
some countries like England and the Netherlands, these problems have been reduced by 
encouraging large cities to extend the water service to smaller communities or, in areas with 
no large cities, by stimulating small communities to form regional water boards or regional 
water companies (NRC, 1997). In addition to water supply, these regional water boards or 
water companies have provided other water-related services. In contrast, the network for 
supplying drinking water in the United States of America (USA) is fragmented. In 1996, there 
were 54,728 community water systems (CWSs) in US serving 248 million people. They were 
distributed in 46,827 small systems (25-3,300) serving 25 million people; 4,332 medium 
(3,301-10,000) serving 25 million people; and 3,569 large (>10,001) serving 198 million 
people. While the small systems serve around 10% of the population covered by the US 
CWSs, they account for an inordinate percentage of the violations under the USA Safe 
Drinking Water Act, SDWA (Stout and Bik, 1998). The small communities face the greatest 
difficulty in supplying continuously water of adequate quality and quantity because they often 
lack the economies of scale needed to hire experienced operators and managers.
In Canada and the USA, special attention has been given to the development and promotion 
of treatment technologies for small to medium size communities in the last decade (Toft,, et 
al, 1989; EPA, 1998). In US the 1996 SDWA Amendments contain provisions related to WS 
systems serving <10,000 people, recognising their differences in costs, technology, 
management capacity, and risk characteristics. One of the project areas created after the 
1996 SDWA Amendments included the production of the list of water treatment technologies 
that these systems can use to comply with the US regulations. In this list EPA suggests than 
RF should be used only in those systems with full-time access to a skilled operator and 
considers that SSF may be the most suitable filtration technology for small and medium size 
systems when used with source water of the appropriate quality (EPA, 1998)
In spite of the changes originated from the decentralisation process in the WS&S sector, the 
network for WS is also fragmented in great part of the Andean region. Without the support of 
strong regional water boards or water companies that facilitate the introduction and 
sustainability of complex technologies, smaller towns and rural areas are not prepared to run 
complicated WS systems that surmount the local capacity and the feasible regional support. 
In Colombia, the government has recognised the relevance and the specificity of the 
problems related to small and medium size WS systems (DNP, 1995; Marin, 1995; 
Mondragon, 1998). In the National plan for WS&S for the period 1995-1998, two principal 
programmes were included: I) Coverage and improvement of the quality of the services, and 
II) Institutional strengthening. As part of the first programme, research, technology innovation 
and technology transference were recognised as importants component to improve the 
situation in the sector, particularly for the smaller towns and rural areas.
6
1.2 Multiple Barriers Strategy and Basic Water Treatment Concepts
Applying different barriers is important to reduce the sanitary risks associated with drinking 
water due to microbial and physicochemical contaminants. This includes watershed 
management of land uses to protect surface and ground water; the selection and protection 
of the best available water sources; on site or off-site wastewater treatment and reuse; water 
treatment; adequate and well-maintained distribution system, and safe water practices by the 
consumers (Geldreich and Craun, 1996). Source water protection programmes are 
considered particularly relevant to small systems, where community participation is likely to 
be more effective (Stout and Bik, 1998). Because so many variables are associated with 
water contamination, it is not recommended to place the major burden of water quality 
enhancement on stream self-purification capacity or the water treatment processes.
Therefore, water treatment is just one of the barriers to ensure that water produced from a 
given source complies with the national drinking water quality standards or the WHO 
guidelines. This is particularly important in the Andean region, where the majority of the WS 
systems rely on surface water sources. The level of treatment should be in harmony with 
aspects such as: the type of risk existing in the supply source and the institutional and socio­
economic conditions around a given community. Since infectious diseases, caused by 
pathogens are the most common health risk associated with drinking water, priority should 
be given to reduce this type of contaminants in water treatment (WHO, 1993; Gimbel, 1999), 
without ignoring the risks associated with chemical contaminants in the source water.
“Whereas the research scientist can purify the most grossly polluted water on a laboratory or 
pilot scale, the full scale plants must be developed and designed to produce large quantities 
of safe water economically, and on continuos basis. Furthermore, the treatment plant must 
be operated and controlled by a technically trained, conscientious and skilled operator and 
such staff are at present scarce in most countries" (Lloyd et al, 1991). Due to the complexity 
of this issue, some basic concepts can be identified to making water treatment more 
methodical, reliable and efficient (Lloyd, 1974; Craun, 1988; Lloyd et al, 1991; Galvis, 1993; 
Galvis et al, 1994), as follows:
• Multistage Water Treatment. This concept has a long history and has evolved gradually with the 
increased attention to water quality. According to the multistage water treatment concept, there 
should be more than one stage of treatment to produce water suitable for human consumption. 
Together these stages should progressively remove the raw water contaminants and consistently 
produce safe and wholesome final water. Ideally the safe state should be achieved before the 
terminal treatment stage so that failure of any one process should not result in significant risk of 
waterborne disease. As consequence the system should be robust and close to failsafe.
• Integrated Water Treatment. In applying the multistage water treatment concept, it is important to 
understand that each unit process may not be equally effective at removing different types of 
pollutant, integrated water treatment is therefore also an important concept, which requires that 
the strengths and weaknesses of each treatment stage, as well as the combination of the different 
treatment stages, in a plant be quantified and balanced, so that all contaminants are effectively 
removed at a feasible cost. In general, it is convenient to first separate the heaviest and larger 
material and gradually proceed by separating or inactivating the smaller material represented by 
particles that include colloidal solids and microbes.
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• Terminal Water Disinfection. The last stage of treatment providing protection from waterborne 
pathogens is usually called terminal or safety disinfection. However, this stage will only be 
effective if the previous stages have efficiently removed most of the waterborne pathogens and 
reduced solids or other contaminants that may either interfere with the mechanisms involved in the 
disinfection process or contribute to unacceptable levels of disinfection by-products in the 
distribution system.
The application of the multiple barriers strategy should contribute significantly to reduce the 
cost and complexity of water treatment. The appropriate selection and combination of the 
different treatment stages should allow the use of only a small and fairly constant dose of 
disinfectant as a final safety barrier, thus contributing to avoid both customer complaints and 
excessive disinfection by-products, and making this treatment stage more easy and reliable 
to operate. Even more, the use of multistage treatment plants to produce safe and biostable 
effluents, together with good materials and engineering practices in the distribution systems, 
are allowing the Dutch water industry to maintain the quality of the treated surface water 
without disinfectant residuals (van der Kooij, et al, 1999).
Because of the limitations involved in the use of chemical coagulants and rapid filtration in 
small to medium size communities, it was considered pertinent to identify different treatment 
stages and to study different possible combinations for improving drinking water quality. This 
should contribute to improve the access to safe drinking water for many people who have to 
rely on surface water sources with poor water quality.
1.3 Aim of the Study and Outline of the Thesis
The aim of this study is to contribute to the sustainable production of drinking water low in 
sanitary risk from surface sources in the Andean region by identifying, developing and testing 
different options of a robust and efficient water treatment technology.
The study focuses on the development and evaluation of innovative combinations of two 
stages of gravel filtration in series with slow sand filtration units. The first stage, now called 
dynamic gravel filters, is an emerging technology conceived under the umbrella of this study. 
For the second stage a comparative study is done of different gravel filtration alternatives 
reported in the literature or evolved during the present work. The data included and analysed 
were obtained at both pilot and full scale units, processing natural surface waters from the 
Andean Cauca Valley of Colombia. The study also covers some economical considerations 
based on capital and running costs. Finally, an overall discussion of this work is presented 
and selection guidelines are proposed to facilitate technology selection activities.
Based on the previous overview, the following are the chapters that compose this thesis: 
Chapter 1, introduction; chapter 2, literature review and specific objectives; chapter 3, 
comparative studies of different options of multistage filtration at pilot scale; chapter 4, 
multistage filtration technology at full scale; chapter 5, cost considerations; chapter 6, general 
discussion; and chapter 7, conclusions and final considerations.
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2 OVERCOMING THE LIMITATIONS OF SLOW SAND FILTRATION
2.1 Historical Background of Water Treatment Plants
Plato (427-347 BC), the Greek philosopher, recommended regulations to govern water use 
as well as penalties. He also suggested that a water supply (WS) system should be 
administered with the participation of water commissioners representing individual districts. 
The Romans made great strides in building and organising water supply systems. Sextus J. 
Frontinus, as water commissioner of Rome, around 97-104 AD, was the head of a well- 
developed organisation run by the government. The funds provided by the Roman 
governments were important in the growth and maintenance of these systems. In 98 AD, 
Frontinus produced two books concerning the WS of Rome, the first known detailed 
description of a WS system. This description included a settling reservoir at the head of one 
of the aqueducts supplying the city, and the piscanae, pebble catcher facilities built into most 
of the roman aqueducts (Baker, 1981; Coffey and Reid, 1982).
During the Middle Ages in Europe, after the decline of the Roman civilisation, the principles 
of water supply and sanitation (WS&S) were widely ignored. Tax revenues decreased with 
the decline of urban populations and monasteries came to be leaders in providing WS&S. 
Later in these ages, when the urban populations were growing again, municipalities took 
over leadership from the monasteries. Then and up to the 1700s, the costs of WS were met 
by the church or by burgesses of the municipalities. In the 1800s private enterprise began to 
enter the field of urban WS. By 1810 there were several private companies serving London 
(Coffey and Reid, 1982; Hardy, 1984).
Due to the growth of towns and the increasing popularity of water closets in the early 1800s, 
sewage and other wastes were dumped into drains that led to the rivers being used as WS 
sources. In London it was forbidden to connect any waste other than kitchen waste into 
drains, until 1815, when the prohibition was lifted. By 1828, there were around 140 sewer 
discharges into the RiverThames at London. Early water mains supplied water only 
intermittently and in some poor areas, one well pump and a privy would serve many houses. 
In 1831 the first recorded cholera epidemic reached Britain. At that time no one knew the 
etiology of common diseases such as cholera, typhoid, dysentery, malaria, and yellow fever 
(Coffey and Reid, 1982; Okun, 1996).
In 1676 the Dutch naturalist Antony van Leeuwenhoek observed living creatures in rainwater, 
which he called animalcula. But it was more than two hundred years before the role of these 
“animacula" in public health became clear. However, during this long period some 
technologies were already being developed and promoted for removing “impurities and 
animalcules" from water (Hardy, 1984).
During a major part of the 1800s, sanitarians subscribed to the miasmatic or atmospheric 
theory that attributed disease epidemics to poisons in the air. Frequent complaints and 
difficulties arising from the poor quality of the water supplied in London led to successive
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political decisions and reforms. In 1842 Edwin Chadwick produced an important Report on 
the Sanitary Conditions of the Labouring Population of Great Britain. Although Chadwick did 
not make any specific connection between water and disease, clean water was considered 
part of the environmental improvements desirable for health. In 1848 one act of parliament 
charged government for the first time with the responsibility for safeguarding public health. 
According to this Act, water supplies had to be “pure, safe, and constant” . It was another fifty 
years before this sanitary ambition was practically fulfilled. By 1850, London’s population was 
close to 2.5 million. A Metropolitan water act of 1852 required that domestic water from the 
Thames River had to be filtered. However, the Water companies were often not fulfilling 
these requirements. Thus, efforts began in London and other municipalities in Britain to buy 
the companies. It was not until 1902 that London’s water finally came under public control. 
(Coffey and Reid, 1982; Hardy, 1984; Coley, 1989)
It was in 1849, during the second epidemic of cholera in Britain, that John Snow’s first essay 
on the waterborne nature of cholera appeared, based on evidence collected and analysed on 
fatal cases around a well on Broad Street in London. In 1849, Snow also identified that death 
rates from cholera increased sharply, from 10 to 200 per 10,000 for people taking water from 
the farthest upstream intakes to the lowest downstream intakes, where the pollution was 
greater (Okun, 1996). Still, it was not until the third epidemic in 1854, that John Snow’s views 
on the dissemination of cholera were vindicated, and the connection between water supply 
and wasterborne disease was firmly established. Two water companies, the Lambeth and 
the Southwark and Vauxhall, served an overlapping area in London. It was found that the 
cholera pattern coincided with the source of WS, with the death rates 8.5 times smaller for 
Lambeth that had its intake upstream of sewage discharges from London (Hardy, 1984; 
Okun, 1996). Thus when, during the last English cholera epidemic in 1866, cholera in 
London showed a marked preference for the East End of the city, the implications were 
quickly clear to the authorities at that time (Hardy, 1984). Snow's work, and the events of 
1854 and 1856, provided a firm basis upon which to establish the association between 
polluted water and disease.
In the second half of the 19th century it was generally accepted that the solutions to the 
prevailing public health problems depended on improvements in the sanitary infrastructure, 
requiring large engineering projects. Towards the end of the century, scientific developments 
in the medical world started to become influential. With the development of bacteriology, after 
the discoveries of Pasteur and Koch in the 1880s, the germ theory became important in the 
fight against contagious diseases (Hardy, 1984; Coley, 1989). This stimulated interest in 
other issues such as water source protection, water supply, basic sanitation, hygiene 
education and water treatment.
In general, there has been a considerable gap between the development of water treatment 
techniques and their practical and wide use. Sedimentation, filtration through porous vessels, 
and coagulation were probably the earliest forms of treatment. These techniques and others, 
such as, aeration, air flotation, distillation, ion exchange, softening, filtration through granular 
media and membranes, chemical and physical disinfection, addition of fluorides, and pH
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adjustment, are among the technologies that have gradually become applied through the 19th 
and 20th centuries (Coffey and Reid, 1982; Droste, 1997).
2.1.1 Pioneering work in water treatment by filtration
Whereas plain sedimentation improves the clarity of surface water, filtration gives much 
better results. Trying to improve the sand filters in copper containers used in Paris for two 
centuries, Joseph Amy decided to substitute sponge for sand and an alternative material for 
the container. In 1749 Amy, in France, was granted the first water filter patent issued by any 
country. These filters were to be constructed of lead, pewter, or earthenware, with filtering 
materials of sponge or sand. The sand was to be packed in between two plates, the lower 
one to serve as a false bottom to the filter, the upper to prevent disturbance of the sand when 
the water was poured into the vessel (Baker, 1981).
In 1791 James Peacock, a London architect, was granted the first British patent on a process 
and apparatus for water filtration, with ascending flow to clarify the water and reverse flow to 
clean the filter medium. To accomplish this he proposed either three tanks, or one tank with 
three compartments. The first received the turbid water, from a service pipe, the second 
contained a stratified medium for filtration; and the third received the clarified water. In 1793 
Peacock published a promotion pamphlet setting out the criteria for placing coarse material 
at the bottom of the filter with regularly decreasing sizes above it, so that interstitial spaces 
would increase in geometric ratio. Peacock’s scheme was not used at large scale in his time 
(Baker, 1981; Hardy, 1984).
Crude versions of the slow sand filters (SSF) were used for industrial water supplies in 
Britain, and some may have been installed before 1790 (Baker, 1981). One of them was 
installed in 1804 at Paisley, Scotland, and became the first water treatment plant for a city 
supply. John Gibb, owner of a cotton mill in Paisley, began selling and delivering water in 
carts to the households from the plant he had built to treat water used for bleaching. Water 
from the muddy and industrially polluted River Cart flowed to a pump well through a coarse 
filter (23-m long, 2.4-m wide, and 1.2 m deep). A steam engine placed over the well lifted the 
water to an "air-chest” about 5 m above the river, from which it was forced to the plant 
through about 60 m of 0.08 m bore wooden pipe. The plant was made up of sedimentation, 
and double filtration stages, with lateral flow, as shown in figure 2.1 (Baker, 1981). It is 
unknown for how long this plant was in operation, but maintenance problems due to its radial 
flow should had been a serious limitation for long term operation.
Figure 2.1 Water treatment plant at Paisley, Scotland, 1804 (adapted from Baker, 1981).
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The early filters were never completely successful because an adequate cleaning procedure 
was not available to the operators. Robert Thom in Scotland, and James Simpson in England 
were also pioneers in the development of filtration. Each learnt from previous failures, Thom 
with filters near Glasgow and Simpson with visits to the north of England and Scotland. 
Working with experimental plants, both discovered that the failures of filters were partially or 
completely due to surface clogging. Thom devised a self-cleaning filter, washed by reverse 
flow. Simpson’s method consisted in scraping off the thin dirty top layer, removing, washing, 
and restoring it at intervals. Both engineers used the method of arranging successively finer 
layers of filter media from the bottom to the top of the filter, as described in the British patent 
granted to Peacock in 1791. Thom’s filter, like Peacock’s, was cleaned by reverse-flow wash 
(Baker, 1981).
In 1827, Thom built an up-flow slow sand filter (USSF) in Greenock. In 1838, he built similar 
filters for the near-by town of Paisley, treating water from an impounded gravity reservoir, 
thirty-four years after the first known filter for a municipal supply had been put into operation. 
Thom’s SSF at Paisley operated at a velocity of 0.23 mh‘1. Besides up-flow, stirring the 
surface of the SSF with a rake and admitting a little water through the raw-water conduit was 
also considered to facilitate cleaning. According to Darcy (1856), quoted by Baker (1981), 
besides being washed by up-flow, the Paisley filters were sometimes cleaned by removing 
one cm of surface sand and replacing it at infrequent intervals.
Simpson’s experimental plant in London was made up of two settling reservoirs, working in 
parallel and followed by a filter (Fig. 2.2). Each reservoir was 9.8 m square at the top, 6.1 m 
at the bottom and 1.2 m deep; their low-water line was level with the high-water line of the 
filter. The filter was contained in a pond having 13.4-m square at the top, 7.9 m at the bottom 
and 1.8 m deep. The filter had a top surface of 92.9 m2 and a depth of 1.2 m. The plant 
filtered 3.9 Is'1 (14 m3h'1), at a rate of 0.15 mh'1. During tests, the filter was being scraped 
around once fortnight. Simpson considered this scraping procedure the best way of 
overcoming cleaning limitations he had observed in lateral and ascending filters during his 
study visits.
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Figure 2.2 Simpson’s London experimental slow sand filter, 1827-1828 (Adapted from 
Baker, 1981).
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On January 14, 1829, Simpson’s one-acre (4,046.86 m2) filter at Chelsea, known as the first 
English SSF, was put into operation. This type of SSF became the classical model of SSF. 
Thom’s design was used to a limited extent, but the elements of reverse-flow wash with the 
false bottom were to become principal features of the rapid filter developed in the United 
States of America (USA) during the 1880’s (Baker, 1981; Coffey and Reid, 1982).
In 1856, Henry Darcy patented a filter in France, which included all of the elements of the 
American rapid filter, except one, coagulation. Darcy made an innovative combination of 
elements previously developed in England, France and Scotland (Baker, 1981; Coffey and 
Reid, 1982), with sound hydraulic considerations about flow through porous media, now 
known as Darcy's Law. This law states that the flow per unit of area of filtering bed is 
proportional to the hydraulic gradient in the porous media.
In the 1880’s and early 1890’s, the rapid filter was developed in United States and 
coagulation, flocculation and sedimentation came to be regarded as important components 
of conventional rapid filtration (RF) water treatment plants (Baker, 1981; Coffey and Reid, 
1982). RF made it easier to produce large volumes of water, but required chemical 
coagulation. However, whereas SSF was shown to reduce water borne disease, RF alone 
did not. Conventional RF treatment depend on chemical or physical disinfection to remove or 
inactivate efficiently microbial pathogens. This led to the wider use of chemical disinfectants 
during the 20lh century to reduce the sanitary risks associated with the treated water.
Disinfectants have included heat, copper, silver, chlorine, ozone, ultraviolet radiation, and 
membranes. The most popular has been chlorine. Chlorine, as hypochlorite solution, started 
to be used at treatment plant level in Belgium in 1902, United States in 1904, Britain in 1911, 
and London in 1916. Chlorine as liquid (compressed in metal cylinders) was applied in the 
USA since 1913, and in Britain (London) since 1917 (Baker, 1981; Bryant and Fulton, 1992). 
Recent regulation concerning the control of disinfection by-products (Braghetta et al, 1997; 
EPA, 1998) have led to a better sequential application of the multiple stage treatment 
concept in which chlorination is logically the final treatment stage. Additionally there is a 
growing awareness that some pathogens (e.g. crystosporidia) are best removed by at an 
earlier stage, by filtration, as they are more resistant to chemical disinfection.
The SSF technology has been successfully applied in the Northwest part of Europe since the 
19th century. In other regions the appropriate use and the impact of this technology has been 
rather limited. The growing application of RF and chemical disinfection in the 20th century 
contributed significantly to the reduction of waterborne diseases and the improvement of 
productivity and quality of life in urban settlements which have had the opportunity to install 
and sustain these technologies. Whereas today a large number of different types of 
treatment exist for the purification of water, the selection of the most suitable option for a 
given community remains a major challenge, particularly if this concerns a low-income 
community with limited institutional capacity. This challenge requires a systematic approach, 
the selection and protection of the best available water resource, and the availability of 
relevant information on robust, efficient treatment technologies, to establish a solution that is 
economically sound and easy to operate, manage and maintain.
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2.2 Health Risks Associated with Drinking Water
The main health risk related to water supply systems that use surface water from 
unprotected catchment areas, stems from the discharge of untreated wastewater from 
human settlements, and industries. The contamination of a water source with human and 
animal excreta introduces a great variety of bacteria, viruses, protozoa and worms. The 
health risks associated with microbiological contamination are so important that their control 
is the priority. Poor water quality may be particularly harmful to children, old people or, 
members of the community with compromised immune systems. For these groups, the 
infectious doses are significantly lower than for the rest of the population (WHO, 1993).
There are few chemical compounds that pose an acute health risk to the users, such as 
methaemoglobinaemia in infants due to high levels of nitrate, and situations where accidents 
occur in industry, mining activities or through the spraying of pesticides and herbicides. Even 
in such situations, risks may be small because the consumers often reject the contaminated 
water. Chemical pollution may, however, imply a chronic health risk associated with long 
periods of exposure. Its control is therefore important, but is a secondary concern in water 
supply systems that are subject to severe bacteriological contamination (WHO, 1993; Craun 
et al., 1994; Galal-Gorchev, 1996; WHO, 1997).
Understanding that chlorine reacting with organic matter can cause oxidation by-products 
(OBPs) that may represent a chronic health risk (Rook, 1974), raised concerns about its 
application in controlling the transmission of cholera in Latin America (Salazar-Lindo et al.,
1993). However, it has been established that the health risk associated with these by­
products is very small, compared with the risk related to inadequate disinfection. In reality, 
the chronic risks must not be ignored, but the acute risks of microbiological character are 
clearly much more important, especially in the case of systems drawing water from sources 
that are high in microbiological contamination. This is the situation in many countries with a 
poor sanitary situation and a low level of socio-economic development (Craun et al., 1994; 
Otterstetter and Zepeda, 1996; Galal-Gorchev, 1996). In the search for possible alternatives 
to chlorine, it is necessary to know if they produce OBPs, as well as factors such as whether 
they are equally effective, economically competitive, and easy to dose and supply.
The selection of good quality water resources and the protection of the catchment area are of 
crucial importance to reduce both acute and chronic type of risks associated with drinking 
water (Geldreich and Craun, 1996; Okun, 1996). If required, proper treatment, including 
filtration, will reduce the required chlorine dose and the possible formation of by-products, 
thus making disinfection more efficient and secure (Lloyd et al, 1991). The incidence of 
water-borne diseases in USA has been eight times higher in communities using surface 
water sources without filtration, than in those using filtration (Craun et al., 1994).
Consumers accept drinking water mainly through aesthetic considerations. Issues such as 
turbidity, colour, taste and odour can make them turn to other water sources, possibly more 
contaminated involving a high health risk. Thus these aesthetic aspects need to be taken into 
account in the development of water supply systems (WHO, 1993).
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With increasing life expectancy, enhanced institutional capacities and improved economic 
conditions, water treatment has progressively combined technologies to reduce initially the 
acute health risks, often of microbiological nature, and later the chronic health risks, usually 
of physico-chemical origin. This is illustrated in figure 2.3, based on a previous work of 
Coffey and Reid (1982).
Socio-economic Level (Institutional Capacity)
Figure 2.3 Conceptual relation between socio-economic level and water treatment objectives.
2.3 Water Quality Guidelines and Standards
Early criteria of water quality in the water industry were based on clarity, taste, odour, and 
the health of users. Later tests measured the amount of oxygen, nitrites, certain types of 
bacteria, and radioactive elements (Coffey and Reid, 1982). During the first half of the 20th 
century the criteria in Europe and USA were directed primarily at prevention of transmission 
of enteric pathogens. In fact, some 60 years ago, less than ten parameters served as guide 
for drinking water treatment. They assisted in the reduction of infant mortality rates to below 
20 per 1,000 births, and the increase in life expectancy to values above 70 years in western 
industrialised countries (Wolman, 1981). Table 2.1 gives an overview of the USA standards 
on turbidity over the last four decades, showing that tighter standards have been established 
only very recently, with the advancement of knowledge and technology, and with better 
institutional, operational, and economical possibilities.
Table 2.1 Overview of drinking water standards for turbidity in the United States (Sanks, 
1987; Pontius, 1990)
Period Maximum Permissible Turbidity (NTU)
Prior to 1962 10.0
1962 to 1976 5.0
1976 to 1988 1.0
1989 to date for S S F 1 1.0
1989 to date for R F1 0.5
1. SSF , slow sand filtration: RF, rapid filtration. The standards from 1989 indicate that the turbidity 
must be less than 5 NTU and meet the indicated turbidity limits in 95% of the samples taken
The World Health Organisation published its second edition of the Guidelines for Drinking Water 
in three volumes (WHO, 1993; 1996; 1997). These Guidelines present an assessment of the 
health risks of waterborne pathogens and some 128 chemical contaminants. Guideline values
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(GVs) are recommended for 95 of these contaminants, taking into account all sources of 
exposure (Galal-Gorchev, 1996). A GV "represents the concentration of a constituent that does 
not result in any significant risk to the health of the consumer over a lifetime" (WHO, 1993). The 
TDI, tolerable daily intake, is an estimate of a substance in drinking water (mg/kg or pg/kg of 
body weight) that can be ingested over a lifetime (70 years) without appreciable health risk. The 
TDI can be estimated (WHO, 1993) by dividing the no observed, or the lowest observed 
adverse effect level of a substance divided by an uncertainty factor (UF). The GVs in mgl’1 or 
ptg/l is then derived by multiplying the TDI by bw, the body weight (60 kg for adults), and p, the 
fraction of the TDI allocated to drinking water, and dividing by C, the daily drinking water 
consumption (2 I for adults). In countries where relevant data are available, GVs should be 
tailored to local circumstances and conditions (Galal-Gorchev, 1996). Because of the large UF 
values generally involved in obtaining TDI estimates, short time periods of exposure exceeding 
GVs are unlikely to result in any deleterious effect on health (Galal-Gorchev, 1996).
Pathogenic agents, unlike chemical pollutants, have a non-cumulative dose response; are 
discrete and not in solution, and are often clumped or adherent to solids, so that an infective 
dose cannot be predicted from their average concentration in water. Besides, the likelihood of 
infection depends upon the pathogen, as well as upon the immunity of the individual; and 
pathogens multiply in their host, and certain pathogenic bacteria are also able to multiply in food 
and beverages, thus perpetuating or even increasing the chances of infection (WHO, 1993). 
"Because of these properties there is no tolerable lower limit for pathogens, and water intended 
for human consumption, for preparing food and drink, or for personal hygiene should thus 
contain no agents pathogenic to humans" (WHO, 1993).
To produce safe water from the bacteriological point of view, WHO (1993) recommends the 
absence of the indicators E. coli or thermotolerant (faecal) coliform bacteria in any single sample 
of 100 ml. This takes into account that they are the most numerous and specific bacterial 
indicator of faecal pollution, in spite of some limitations of specificity and regrowth, particularly of 
the thermotolerant (faecal) coliform bacteria in tropical environments.
GVs are not set for viruses and protozoa due to the lack of appropriate surrogates for these 
types of pathogens, as well as to the technical and economical limitations for detecting them in 
large volumes of water. The criteria for the degree of treatment recommended by WHO (1993) 
to produce drinking water from surface sources with a negligible risk of containing viruses are 
summarised in table 2.2. Although pre-disinfection is recommended in this table, other treatment 
stages, such as storage or coarse filtration, should be preferred to reduce the required doses of 
chemical disinfectants and risks associated with oxidation by-products.
WHO (1993) considers that “the attainment of the bacteriological criteria [absence of E. coli or 
thermotolerant coliform bacteria] and the application of treatment for virological reduction [table 
2.2] should, except in extraordinary cases of extreme contamination by parasites, ensure that 
the water has a negligible risk of transmitting parasitic diseases". However, the guidelines 
published by WHO (1993) do not include enough information on performance of the treatment 
steps to facilitate process selection and combination to fulfil water treatment objectives with 
different levels of contamination in the water sources.
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Table 2.2 Treatments steps recommended by WHO to produce water with negligible virus 
risk from surface water sources (WHO, 1993).
Type of surface water source Recommended treatment
• Protected, impounded upland water; essentially free 
of faecal contamination
• Protected, impounded water; or upland river; faecal 
contamination
• Unprotected lowland rivers; faecal contamination
• Unprotected watershed; Heavy faecal contamination
•  Unprotected watershed; gross faecal contamination
• Disinfection1
• Filtration2 and disinfection
• Pre-disinfection or storage, filtration, disinfection
• Pre-disinfection or storage, filtration, additional 
treatment3, and disinfection
• Not recommended for drinking water supply
1 Before terminal disinfection median turbidity < 1 NTU and < 5 NTU in single samples. Residual of free chlorine > 0.5 mg I'1 after 
at least 30 minutes of contact time at pH < 8.0, or an equivalent disinfection process for > 99.99% of enterovirus inactivation.
2. SSF  or RF preceded by coagulation-flocculation, or an equivalent filtration process for > 90% enterovirus reduction.
3. Additional treatment may consist of slow sand filtration, ozonation with granular activated carbon adsorption, or any other 
process demonstrated to achieve > 99 %  enterovirus reduction.
The first application of water quality standards at the federal level in the USA was based on 
the Safe Drinking Water Act (SDWA) of 1974. This regulation became effective in 1977, 
covering microbial, organic, and inorganic pollutants. Concern for the DBPs and the new 
synthetic organic chemicals (SOCs) led the USA Congress to enact the 1986 amendments to 
the SDWA, resulting in the development of new regulations between 1986 and 1991. This 
meant an increase in the number of contaminants regulated from four in 1925, to more than 
100 by the end of the century (EPA, 1989; Okun, 1996). In 1989, under the SDWA, the 
Surface Water Treatment Rule (SWTR) and the Total Coliform Rule (TCR) were published. 
Combined, these two rules were intended to control pathogens in general. Under the SWTR 
a treatment technique was established requiring a reduction in source water concentration of 
Giardia of 99.9% (3 logs) and a reduction of viruses of 99.99% (4 logs). These treatment 
efficiencies are assumed if systems use specified technologies, which meet established 
design, operating, and performance criteria. Systems using surface water - or water that is 
under the direct influence of surface water - must filter water unless they meet source water 
quality criteria and watershed control provision, summarised as follows, based on Pontius,
(1990).
• The level of faecal contamination must be less than 20 CFU/100 ml in 90% of the samples.
• The turbidity has to be below 5 NTU. Sometimes higher values are accepted, provided they occur 
less than twice per year.
• The disinfection has to be conducted in such a way that it inactivates 99.9% of the cysts of Giardia 
lamblia and 99.99% of viruses. This is controlled by prescribing minimum residual chlorine levels 
and contact times before the water reaches the first consumers at the peak consumption hour.
• A sustained control programme for the catchment area needs to be developed.
• Sanitary inspections are needed every year with participation of the health authorities.
• Outbreaks of water-borne diseases should be eliminated.
• Compliance with the procedures concerning indicators for faecal contamination is required.
• Compliance with the procedures related to the maximum level of trihalomethanes.
The SWTR was oriented to protect public health against the exposure to Giardia lamblia, 
viruses, Legionella, and heterotrophic bacteria, as well as many other pathogenic organisms. 
The SWTR requires disinfection considering that all surface water sources may be subject to 
faecal contamination, and because current microbial water quality indicators, such as E. coli, 
are not adequate surrogates of pathogens more resistant to disinfection than are the
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indicators (EPA, 1989; Ford and Colwell, 1996). Due to the technical and economical 
limitations to monitor viruses and protozoa, EPA instead of Maximum Contaminant Limits 
(MCLs) established treatment techniques. EPA (1998) published an updated compliance 
technology list of filtration and disinfection alternatives to fulfil this requirement in small 
systems (serving less than 10,000 people). Since SSF in the USA is generally used without 
pretreatment, the range of raw water quality appropriate for treatment by this process is 
narrow, However, when used with surface water of adequate quality, SSF is considered the 
most suitable choice for small systems (NRC, 1997; EPA, 1998).
The European Community Drinking Water Directive (EEC, 1980), implemented in 1985, does 
not specifically require water supplies to be disinfected. Some countries, like the 
Netherlands, do not require disinfectant residuals since they use good quality, 
microbiologically secure groundwater sources or some surface water sources from which 
multistage treatment has removed any harmful organisms and the amount of organic 
material has been minimised (Hydes, 1999; van der Kooij et al., 1999). Portugal, Spain, and 
the United Kingdom require all supplies to be disinfected. In the UK, residual amounts are 
not specified because they depend on the quality of the source water, the treatment applied 
to the water, and the conditions of the distribution system (Hydes, 1999). The free chlorine 
supplied to the user must be < 0.3 rngl'1 in Austria; and in the range of 0.2-0.8, depending on 
pH, in Spain (Hydes, 1999). In Colombia, the free chorine in the distribution system must be 
in the range of 0.2-1.0 mgl'1 (Ministerio de Salud, 1998b).
2.3.1 Basic parameters for community water supply systems
The establishment of standards for drinking water should reflect health risks as well as the 
best available scientific and technical judgement. It should also relate to economic feasibility 
and in-country institutional capacity and the ability to provide operational skills necessary for 
water treatment and analysis. Standards that do not take into account practical 
considerations concerning the water sources, available treatment options, water surveillance 
practice and support available at the local level, do not contribute to the improvement of the 
prevailing sanitary conditions (Lloyd and Helmer, 1991). When the standards are not met the 
underlying cause of why they were not met needs to be explored and remedied. One option 
is to establish interim objectives for the medium term and use water surveillance as a tool to 
orient corrective actions in those communities that are facing the highest sanitary risks.
An approach for assessing and monitoring water quality in rural communities and towns with 
limitations in infrastructure and management capacity has been applied by Lloyd and Helmer
(1991) and recommended by WHO (1993, 1997). This approach combines the use of a few 
water quality parameters, combined with the implementation of sanitary inspections (WHO, 
1993; 1997). The basic parameters are:
• E. coli counts or, as an alternative, thermotoierant coliform counts, usually referred to as faecal 
coliform counts
• Residual chlorine (if applied)
• pH (if chlorine is applied)
• Turbidity
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In table 2.3, WHO guideline values and water quality criteria of the Colombian Ministry of 
Health for bacteria indicators and turbidity are presented together with some other key 
parameters that are important for users acceptance of the service and for the application of 
filtration and disinfection processes. The availability of portable equipment facilitates the 
analysis of these parameters. Equipment for measuring turbidity, pH, residual chlorine and 
colour is also available in a very basic form that can be used directly by system operators 
with a low level of formal education. If a water source for community water supply is subject 
to other (agricultural or industrial) contamination not covered by the basic parameters, the 
national or regional health authorities need to provide additional support or training for the 
community to monitor these risks.
Table 2.3 Guidelines and quality criteria for basic drinking water parameters (based on Lloyd 
and Helmer, 1991; WHO, 1993; Ministerio de Salud, 1998b)
Parameter Guideline value Observations
E. coli;
thermotolerant 
(faecal) conforms 
Turbidity 
Colour
Taste and odour 
Iron
Manganese
Not detectable 
in 100 ml
< 5  NTU
< 15PCU
Not detectable
< 0.3 mgl'1
< 0.1 mgl’1
If the distribution system contains between 0.2 and 1.0 mgl'1 free 
residual chlorine, pH<8, turbidity <5 and preferably <1, presence of 
faecal coliforms is highly unlikely.
Preferably < 1 NTU for effective disinfection
In order to avoid rejection by the users and the formation of
disinfection by-products
Often a major cause for users’ complaints
Taste and possibility of staining clothes can cause rejection
Possibility of staining clothes - provisional health guideline < 0.5 mgl'1
Water quality analysis is limited in that it is based on spot samples. Even if these samples 
are taken both in rainy and dry periods they still may not give clear and useful information 
about the WS system or the treatment plant behaviour. They need to be complemented with 
sanitary inspections, and if possible, carried out at the same time. Whereas the sanitary 
inspection identified potential risks, the water quality analysis establishes the level of 
contamination at the point and time of sampling. The sanitary inspection is essential for the 
interpretation of the analytical results and to enable the identification of priorities for remedial 
actions. In view of the limitations on implementing water quality analysis in small systems, it 
is recommended that higher frequency of sanitary inspection is adopted.
2.4 Application of Slow Sand Filtration Technology
In 1852 filtration became a legal requirement in London for all surface water sources. SSF 
was subsequently introduced in Berlin in 1856, Altona in 1860 and in Zurich in 1871. In 1892 
a significant event occurred in Hamburg that underscored the importance of filtration. More 
than 7,500 people died in a cholera epidemic, while only a few deaths occurred in 
neighbouring Altona (Huisman and Wood, 1974). Both cities took their water from the River 
Elba, but only Altona filtered it prior to distribution. A filtration plant was then constructed in 
Hamburg and was put into operation in 1893. By the end of the century, about 55 m3/s of 
water was being filtered in Europe prior to its distribution (Hazen, 1913; quoted by Bellamy et
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al., 1985). In Europe, the SSF technology continues to be an important component of several 
major water treatment systems, but now with a different perspective motivated by the level of 
industrialisation, the type and level of contamination and strict water quality regulation. In 
general, it is now used as one of the last treatment steps to “polish" the water quality in terms 
of disinfection as well as in the removal of organic carbon.
The first application of SSF in the USA is reported in Poughkeepsie, New York, in 1872. The 
short filter runs of the SSF units were caused by turbid surface water in different regions of 
the country, and stimulated the development of RF (Bellamy et al, 1985). In 1940, 2,275 RF 
plants and approximately 100 SSF systems existed (Fox et al, 1994). Based on a survey of 
47 of these SSF systems, Slezak and Sims (1984) and Sims and Slezak (1991) provide the 
following overview. Seventy-six percent of these plants were serving populations smaller 
than 10,000 people; 21 percent were between 10,000 and 100,000, and 3 percent were 
above 100,000 people. The majority, 54 percent, used small rivers, while 41 percent used 
lakes or dams, and 5 percent groundwater. The average turbidity of these sources was 2 
NTU with peak values of 15 NTU. Some 88 percent of the systems produced effluents with 
turbidity below 1 NTU. The faecal coliform levels in 80 percent of the water sources were 
below 100 CFU per 100 ml and more than 70 percent of the systems produced effluents 
below 1 CFU per 100 ml. After the publication of the SWTR, It was expected that SSF would 
find a new place in the USA, and that a considerable number of SSF units would be 
constructed to meet the requirements of filtration of surface waters (Fox et al, 1994). By 1994 
the amount of SSF treatment plants had grown to 225, an increase of more than 100 since 
1940 (Brink and Parks, 1996).
In Latin America and the Caribbean, SSF was used in the treatment of water for larger cities 
such as Buenos Aires and Kingston. The majority of the cities in these regions, however, 
used RF technology. The introduction of SSF to the region was in most cases carried out 
without adjusting SSF to the local conditions, and as a result its impact has been very limited. 
Most of the SSF plants were constructed in countries such as Brazil (Hespanhol, 1969) and 
Peru (Canepa, 1982; Pardon, 1989; Lloyd and Helmer, 1991) and presented major difficulties 
in design, operation and maintenance. Similar situations have been encountered in Africa, in 
countries such as Cameroon, Kenya and Zambia; and in Asia, in countries like India, 
Pakistan and Thailand. In Andhra Pradesh, in India, for example, over 1,100 SSF system 
exist but most of them have deficiencies in their design and functioning (Visscher, 1993).
Despite these difficulties, renewed interest in SSF became apparent at the end of 1970s. 
This interest was stimulated by the UN agencies in the context of the Water Decade, during 
the 1980s. Research and demonstration projects carried out by international organisations 
based in Europe (Particularly England, the Netherlands and Switzerland) with national and 
regional collaborating centres based in Africa, Asia, Latin America and the Caribbean, 
contributed to understand the possibilities and limitations of the technology. Interest also 
raised from the new role of SSF identified by EPA under the SDWA and the SWTR in the 
USA. There is also a better environment, and political commitment to strategies and 
technologies oriented to improve drinking water quality in the Americas after the cholera 
epidemic that affected the region since early 1991 (PAHO, 1998).
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2.5 The Slow Sand Filtration Process
There are some typical operational differences between SSF and RF units. Filtration rates 
are around 50 to 150 times lower for SSF. Flow retention periods are about 30 to 90 times 
longer for SSF. Filter run lengths are about 30 to 90 times longer for SSF, and the surface of 
the SSF units are usually scraped at the end of the filter runs, whereas RF units are cleaned 
by backwashing. These differences originate from the most relevant and distinctive feature of 
SSF, its biological life. The water treatment in SSF is the result of a combination of physico­
chemical and biological mechanisms that interact in a complex way.
Inorganic and organic matter enter the SSF units in the raw water. Photosynthesis gives rise 
to another fraction of organic matter. Soluble matter in the sand bed is utilised by bacteria 
and other microorganisms. Zooplankton grazing occurs and respiration of the entire biomass 
is continuous (Woodward and Ta, 1988).
The principal physical mechanisms contributing to particle removal are surface straining, 
interception, transport, and attachment and detachment mechanisms (Yao et al, 1971; 
Amirtharajah, 1988). Some of the concepts mainly developed for RF have been extrapolated 
to SSF in the process of trying to understand the physical dimension of its particle removal 
mechanisms. However, there are limitations in this approach since in RF the particles have 
been previously destabilised by chemical coagulants and the biological activity is not so 
relevant.
By the straining or sieving mechanism particles that are too large to pass through the 
pores of the filter media are removed. It takes place mainly at the surface of the filter bed, 
where the head loss is concentrated, and is independent of the filtration rate. According to 
Amirtharajah (1988), the size of pore openings is in the range of 0.07 to 0.1 dc (collector or 
grain diameter). Hence with sand grains of 0.20 mm, this means complete removal of 
particles with dp (particle diameter) >20 pm. As long as the filter captures this size or bigger 
particles straining is enhanced, allowing the capture of smaller particles as the filter skin 
develops. Haarhoff and Cleasby (1991) consider this development at least partly responsible 
for the initial improvement in performance at the beginning of each filter run, usually referred 
to as the ripening period. In this respect, the continuous flow bench scale experimental 
filtering cells made by Lloyd (1974; 1996) seem to be relevant. He found that the presence 
on the surface of sand of the peritrich protozoa Vorticella convallaria, a ciliary suspension 
feeder, improved significantly the bacterial removal in comparison with an uninoculated 
control sand sample. This improvement was greater when the population of protozoa was 
bigger and when the elapsed time between the samples was longer, showing clearly their 
biological role in progressively improving the filter performance during the ripening period.
The removal of smaller particles that enter the pores of the filter requires transport 
mechanisms to reach the surface of the sand (figure 2.4) and attachment forces to adhere to 
the sand grains. As particles accumulate inside the bed, the fluid velocities within the pores 
will increase, resulting in increasing drag forces on the deposited particles. Eventually, if- 
these forces are big enough, the deposited particles will be detached and transported deeper
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into the filter or in the effluent. Detachment may also occur due to avalanche effects 
originated on the dome-shaped deposits on top of the grains (Ives and Clough, 1985, quoted 
by Ginn et al, 1992). The transport mechanisms are described as diffusion, sedimentation, 
interception, inertia, and hydrodynamic action. The first three are predominant in water 
filtration (Yao et al, 1971; Amirtharajah, 1988). The mechanism of Inertia is important for air 
filtration but is negligible for water filtration. The mechanism of hydrodynamic action is due to 
the particle rotating and moving across streamlines and is primarily related to the particle's 
shape and its interaction with the water. A quantitative treatment of this mechanism has not 
been completed (Amirtharajah, 1988).
Diffusion results from random Brownian motion by bombardment of the particle by 
molecules of water. This mechanism can only be significant for dp<1pm (Yao et al, 1971). 
Sedimentation or gravity effect and the associated settling velocity of the particle causes 
suspended particle to separate from the flow streamlines and reach the sand grain 
(collector). This mechanism can only be significant for dp>1p.m (Yao et al, 1971), and play an 
important role in filtration because of the large surface area on the grains available for 
deposition. Particle density and temperature are important factors in sedimentation. The 
combination of diffusion and sedimentation results in a particle size range in the region of dp 
around 1 urn, for which contact opportunities with the sand grains (collectors) are minimum, 
as illustrated in figures 2.4 and 2.6. While the experiments to test physical filtration theory 
have been made with ideal physical particles such as latex spheres, there are observations 
with other particles including biological ones that support this analysis (O'Melia, 1987). 
Interception occurs when particle motion along a streamline is close enough (<0.5 dp) to the 
collector for contact to occur. Although interception has been considered a distinct transport 
mechanism, some researchers have incorporated it as a boundary condition for attachment 
resulting from diffusion and sedimentation (Amirtharajah, 1988).
Figure 2.4 Basic transport mechanisms in water filtration (A: Yao et al, 1971; B: Amirtharajah,
1988)
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When the particles are very close to the collectors, surface forces cause its attachment to the 
collectors. Attachment may involve either electrostatic attraction, London-van der Waals 
forces, or surface chemical interactions. However, based on the experience with RF, it is not 
clear how particles finally adhere and can be effectively removed in SSF without the use of 
chemical coagulants. A majority of the particles, as well as the sand grains, are negatively 
charged around the neutral pH range, and this would limit the role of Van der Waals forces. 
They require particles to become practically in contact with the grain surfaces or the surface 
of previously deposited material (Haarhoff and Cleasby, 1991).
Jorden (1963, quoted by Haarhoff and Cleasby, 1991) considered the possibility of 
polyvalent cations acting as a bridge between particles and the surface area of the filter. In 
line with this hypothesis, it has been found that virus adsorption on sand is enhanced with 
increasing ion strength and with higher concentration of higher valence cations in solution. 
Due to the importance of the biological activity in SSF, Haarhoff and Cleasby (1991) consider 
it plausible that adsorption involves attachment of particles assisted by biological actions 
such as the exocellular polymers (ECPs) produced by microorganisms. These ECPs are 
capable of flocculating kaolin suspensions (Pavoni et al, 1972) and organisms in activated 
sludge (Metcalf and Eddy, 1979; Galvis, 1981). Bellamy et al. (1985, 1985a) noted that 
microorganisms growing on the surface of filter material can produce ECPs. They suggested 
that this also happens in SSF and that these polymers facilitate destabilisation of clay and 
bacteria to enhance the attachment of these particles to the biofilm in the upper layers of the 
sand bed.
Working with continuous flow bench scale experimental filtering cells Lloyd (1974; 1996) 
found that the spirotrich protozoa Tachisoma pellionella grew rapidly in the flow cells, but did 
not remove more bacteria than the sand in the uninoculated cells. Since this correlated with 
his microscopic observations of these organisms grazing bacteria already attached to the 
sand surfaces, Lloyd concluded that they can probably fulfil a vital role in maintaining the 
sand surface area active for further adsorption.
2.5.1 Water filtration theories
There are two basic approaches to the study of the removal efficiencies in the theory of water 
filtration. The phenomenological and the trajectory approaches.
The Phenomenological Approach originates from attempts to describe the changes in the 
concentration of the particles in the influent water as removal takes place within the filter. In 
the absence of reaction, the rate of change of mass within an element of filter equals the 
mass transport resulting from advection (or flow velocity) and from dispersion and diffusion. If 
one-dimensional treatment is applied in a filter with negligible dispersion, the volume of 
particles removed from the suspension equals the volume of particles accumulated inside the 
element of filter,
ACAtQ + AcraALA = 0 (2-1)
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in which AC is the concentration change in volume per unit volume during the time At; Q, 
constant filtration rate; Aaa, absolute specific deposit, volume of particles deposited per unit 
volume of the bed; ALA, volume of filtration element. Aaa= (3Aa, in which p is the bulk factor, 
and can be interpreted as a conversion factor to obtain the specific deposit a (mass or 
number of particles per unit volume). Irrespective of the units of C, the bulk factor helps in 
obtaining estimates of a (Sembi and Ives, 1982, quoted by Ohja and Graham, 1994). 
Rearranging equation 2.1 and using the differential form,
dC B A d a  dC {3 d a  dC  n d a  n  o)
—  +  B ----------- =  0 = >  —  +  —  —  =  0 = >  F  —  + B —  =  0
dL Q dt dL V  dt dL dt
in which V is the approach velocity (LT*1). In eq. 2.2, the change of a with time can be 
estimated if the change of C with L is known. On the basis of experimental data on SSF 
units, iwasaki (1937) presented the eq 2.3, in which X (L'1) is the impediment modulus also 
called filter coefficient.
= (2-3)
dL
In clean filter conditions X becomes X0, and in the integrated form of the eq. 2.3 C0 is the 
initial concentration of particles. Then, the profile of C in the liquid phase throughout the filter 
depth is logarithmic for a bed of uniform grain size, as shown by eq. 2.4
C = C„<r-l»t  (2.4)
The parameter X is important in filtration studies and occurs in all of the theories of filtration 
(Amirtharajah, 1988). Since a, X, and C are functions of time in the differential equations 2.2, 
and 2.3, a third equation is necessary to determine concentration as a function of time. Since 
theoretical considerations are of little help, X has to be determined from filtration experiments, 
with which dc/dL  at various combinations of L and t can be estimated and plotted against a, 
to obtain graphs as those shown in figure 2.5. With this approach the entire filtration cycle 
can be modelled but needs extensive experimentation to determine many of the parameters 
included in the models.
Research papers present X -  f (X0l a), with empirical coefficients and because of differences 
in theoretical considerations or in experimental conditions, many have found different results. 
Some examples follow (based on Huisman, 1986),
A = Aa + k,a (Stein, 1940) (2.5)
A = A0 + kxa  -  k 2
o-2
p0 — ( 7  (Ives, 1960) (2.6)
A = 2o(l + J — )“ ( 1 - — ) ' ( ! - —  )c (Ives, 1969) (2.7)
1 ~  Po Po Gu
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in which p0 is the clean media porosity; ctu is the ultimate or saturation value of the specific 
deposit ratio; and k1t k2, a, b, and c are coefficients or exponents to be determined 
experimentally.
Experimental
curve
Theoretical 
curve
X, + K,a -
Figure 2.5. A. Variation of filter coefficient X with specific deposit ratio, o (Fox and Cleasby, 
1966). B. Variation of concentration C with filter length L and time t (Ives, 1982)
The eq. 2.6 includes a second term to account for the increase in removal efficiency during 
the initial filter ripening period as a result of increased surface area caused by deposits 
collecting on the filter grains. The third term accounts for the subsequent decrease in 
removal efficiency in RF units with constant-filtration rate due to the increasing pore 
velocities caused by deposits. Fox and Cleasby (1966, quoted by Ginn et al, 1992) found that 
in conventional water treatment the alum and ferric floes produced were not adequately 
modelled by eq. 2.6, mainly due to the third term accounting for the clogging process. Many 
of the equations proposed for X can be derived from the general eq. 2.7, obtained after 
assuming that the changes in filter efficiency were due to changes in pore geometry, and the 
increase in interstitial velocity after the narrowing of the pore flow paths (Lebcir, 1992)
Adin and Rebhun (1982), quoted by Amirtharajah (1988) presented a different approach 
incorporating attachment and detachment terms explicitly in the model equation. Besides eq. 
2.2, they used eq. 2.8 for the removal efficiencies,
~ = k i V C (F -< j) -k ta l (2.8)
in which k3 is the accumulation coefficient; F is the theoretical filter capacity or the mass 
retained per unit bed volume that could clog the pores completely; Iq the detachment 
coefficient; and I the hydraulic gradient. The F and I values are obtained from the porosity of 
the filter and Darcy's Law. The accumulation term, k3VC(F-a) is similar to eq. 2.3. The third 
equation used by Adin and Rebhun to relate a to F, was eq. 2.9,
13
(2.9)
k
Jc„ F
in which k and k0 are hydraulic conductivity of the filtering bed with and without (clean bed) 
deposits. The parameters have to be determined experimentally for specific conditions.
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If the distribution of the specific deposits (a) is known as function of depth and time, existing 
headloss models which are functions of a, can be used to obtain the headloss variation (h) 
during the filter run. Ohja and Graham (1994) modelled the normalized headloss 
observations of a SSF unit using the equations 2.2, 2.3, 2.6 and 2.10. They carried out 
computer-based calculations using a depth step of 1 cm and a time step of 1 day, and 
assumed that the headloss development in the surface skin of the SSF was not significant. In 
eq. 2.10 C] and c2 are empirical constants and h0 is the initial head loss (clean bead).
h = K 1 +
1-Po.
Po
Po~°
(Sembi and Ives, 1982) (2.10)
Phenomenological models can be considered empirical models because they are calibrated 
from actual filter runs and then used to predict filter performance as long as the water to be 
treated and the operation conditions are properly considered.
The trajectory approach focuses on the transport phenomena, by considering granular bed 
as an assembly of collectors. The particles being transported along streamlines may be 
captured by interception or transported across streamlines to reach a collector surface. The 
particle attachment to the collector (removal from the flow) depends on favourable conditions 
for particle to grain, or particle to particle interaction. The concept was first proposed for air 
filtration in 1931. It was extended later to water filtration by O'Melia and Stumm (1967), and 
applied by Yao et al (1971). The single collector efficiency (rj) for the three predominant 
mechanisms in water filtration were presented by Yao et al (1971). The contribution of the 
diffusion mechanism (r|D) for a single collector can be characterised by the dimensionless 
Peclet number Pe, relating convective and diffusive transport, as follows,
( k T ^  
rjD = 4 .0 4 i^  = 0.9 b
pd„dcV
(2 .11)
in which Pe=Vdc/D; D is the Stokes-Einstein diffusion constant, D=kbT/37ijadp; kb is the 
Boltzman's constant (1.38x10'23J/°K); T, is the absolute temperature; ja, is the absolute 
viscosity; dp, is the particle diameter; dc, is the collector (grain) diameter; and V the approach 
velocity. The contribution of the gravity (sedimentation) mechanism (r|G) for a single collector 
can be characterised by the dimensionless relationship between the Stoke's settling velocity 
of the particle (Vp) and the approach velocity (V), as follows,
( ( 2.12)
XifiV
in which pp is the particle mass density; p is the water mass density, and g is gravity 
acceleration constant. The contribution of the interception mechanism (r|i) for a single 
collector can be characterised by the dimensionless relationship between dp and dc, as 
follows
\ 2
(2.13)
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Yao et al (1971) related the removal efficiency in a packed bed filter with the single collector 
efficiency as shown in the following (2.14) equation,
dL 2 d L
3(1-P )  
2 d.. < z [ r ] D  +  r l G  +  rl, If
(2.14)
in which a is the collision efficiency factor that accounts for the successful contacts between 
the particles and the collector, and r| is the total collector efficiency, assumed to be the sum 
of the efficiencies associated to the individual mechanisms of transport. The trajectory 
analysis does not describe removal efficiencies as particles accumulate within the media, 
and indicates a sudden decline in r) when surface interactions between particles and 
collectors become unfavourable (Payakates et al, 1974, quoted by Amirtharajah, 1988). 
However, the actual collection efficiency under a repulsive double layer potential shows a 
gradual and not a sudden decline, making necessary modifications to the trajectory analysis 
to account for unfavourable surface interactions (Amirtharajah, 1988). In spite of the 
limitations of the trajectory analysis to describe the filtering cycles, it has been useful to 
understand the significance of the removal mechanisms for different particle sizes as shown 
in fig. 2.6, and to underline the importance of chemical pretreatment in RF units.
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Figure 2.6 Significant removal mechanisms for a range of particle sizes (Ragapolan and Tien, 
1979)
The role of the diffusion, sedimentation and interception mechanisms should be even 
stronger in SFF than in RF because of the lower values associated with V, dc, and 
considering that a SSF sand bed has approximately twice as many collectors. Haarhoff and 
Cleasby (1991) show this on the basis of the review of previous work on trajectory analysis. 
Since the values associated with dc in SSF are about 1/2 of those in RF, then r\\ would 
increase by 4 fold, according to eq. 2.13. Considering roughly double number of collectors, 
the overall theoretical removal efficiencies of particles in SSF can be of the order of 8 times 
higher than in RF due to interception. Considering sedimentation, V in SSF is of the order of 
100 times lower than in RF, so r|D would be about 100 times greater. Assuming again double 
the number of collectors, r|D would become 200 fold in favour of SSF (Alternatively, SSF 
could capture particles that are (1/200)05 or 7x10‘2 smaller than RF). Similarly, for diffusion,
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according to eq. 2.11, r|D, would be 2X(2x100)2/3=68 times higher for SSF compared to RF, if 
all the other factors remain the same. All this would explain why, in general, when comparing 
the removal of particles of the same size and density in SSF and RSF, the efficiency is much 
higher in the SSF.
This efficiency is further improved thanks to the biological dimension of the process, as 
shown by Bellamy et al (1985) by running three pilot filters in parallel, the 1st disinfected 
between runs, the 2nd as a control, and the 3rd seeded with sterilised sewage. Total 
percentage removals were 60, 98 and 99.9% respectively for total coliforms; and 5, 15 and 
52% respectively for turbidity.
Several factors affect the transport, adherence and biological mechanisms highlighted before 
and the performance of the SSF process. These factors are grouped as follows for further 
consideration: Design characteristics of the SSF units, operation and maintenance 
procedures, and the characteristics of the water to be treated.
2.5.2 Design characteristics of the slow sand filtration units
In an SSF treatment plant at least two units should operate in parallel for continuous supply. 
A unit basically consists of a structure that contains the following components: Flow control 
and drainage systems, supernatant water layer, and filter bed (figure 2.7).
A: Inlet valve to regulate filtration rate.
B: Valve to drain the supernatant layer of water. 
C: Valve for backfilling unit with filtered water.
D: Valve to drain the filter bed.
E: Valve to waste filtered water.
F: Valve to contact tank or water storage. 
G: Inlet weir.
H: Calibrated flow indicator, 
i: Outlet weir 
J: Outlet control valve.
Figure 2.7 Basic components of SSF units with inlet (A) and outlet (B) control flow
Flow control systems. Controlling the flow in SSF units is necessary to maintain the proper 
filtration rate through the filter bed and the submergence of the media under all conditions of 
operation. Abrupt filtration rate increases should be avoided. Two types of flow rate control 
are used, outlet and inlet.
In an outlet controlled filter supernatant water level is kept close to the maximum desired 
level above the filter bed. To control the flow rate, the outlet valve is gradually opened to
28
compensate for the increase in the head-loss over the filter media. This is the usual control 
method in Europe and has been adopted in some of the units built in the Americas (Pardon 
and Lloyd, 1994; Tanner and Baker, 1994). The storage capacity above the sand bed 
provides for some equalization of the influent water quality, sedimentation of heavier 
particles, and time for some biological activity (Fox et al, 1994), as well as some buffer 
capacity.
In inlet controlled filters, the increase in head-loss is compensated by an increase in the 
height of the supernatant water. Di Bernardo and Alcocer (1996) found similar performance 
in terms of effluent water quality, head loss in the filtering bed, and filter run times for inlet 
and outlet control SSF units run in parallel, with filtration velocities in the range of 0.13 to 0.5 
mh'1. In the inlet flow control option the inlet box should allow flow control, excess energy 
dissipation to protect the filtering bed from scouring; facilitate flow distribution to the SSF 
units filtering in parallel; and permit possible overflow.
The drainage system consists of a principal drain with lateral branches usually constructed in 
perforated pipes, brick work or tiles and covered with a layer of graded gravel and a layer of 
coarse sand. The drainage system of SSF has to comply with the following functions:
• To support the filter material and prevent it from being drained from the filter;
• To ensure uniform abstraction of the water over the filter unit;
• To allow for the back filling of the filter and drive out possible air pockets.
The main drain should discharge the filtered water freely at atmospheric pressure in the 
outlet box. A flow indicator is required at both inlet and outlet side of the units to facilitate 
operational procedures and to verify water balance, as an indication of possible water losses 
in the main filtering boxes. The outlet weir is also necessary to maintain the supernatant 
water layer above the maximum level of sand, protecting biological activity, preventing 
pressure drops in the filter bed, and ensuring the functioning of the units independently of the 
level fluctuations in the contact or storage tanks.
Supernatant water layer. The layer of supernatant water provides the static head necessary 
for the passage of water through the sand bed. In a clean bed the initial head loss is usually 
below 0.1 m and gradually increases until the maximum level is reached. In units with outlet 
control, the variations of the supernatant depth for small systems have been reported in the 
range of 0.6 to 1.2 m (Pyper and Logsdon, 1991). At the Weesperkaspel plant in Amsterdam, 
where the SSF units deal with highly pretreated water, the average supernatant water height 
is 2 m (Kors et al, 1996). Filter shading may contribute to improve filter runs if significant 
production of filter blocking algae is happening on the filter skin or in the supernatant water 
layer (Haarhoff and Cleasby (1991), but few definitive advantages in terms of filtrate quality 
have been reported (Di Bernardo, 1993).
Filter bed. The adequate selection of sand includes size grading, characterized by the 
effective size diameter d10, and the uniformity coefficient, uc=d6o/d10. Huisman and Wood 
(1974) advise that d10 should be small enough to produce safe water and to prevent 
penetration of clogging matter to such depth that it can not be removed by surface scraping.
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Bellamy (1985) reports a total coliform removal reduction from 99.4% at d10 of 0.1mm to 96% 
at d10 of 0.6mm. Di Bernardo and Escobar (1996) studied four pilot units in parallel having 
sand with d10 values in the range of 0.21 to 0.23 mm, and uc values of 2.24, 2.85, 4.20, and 
4.29. The tested filtration rates were 0.1, 0.2 and 0.25 mh'1. For the lower velocities (0.1 and 
0.2 mh'1), the pilot units with higher uc values had longer filter runs, deeper dirty penetration, 
and better effluent quality in terms of turbidity, apparent color, total iron and number of 
particles. The higher quality seems to be associated with a greater amount of data after the 
maturation period in the filters having sand with greater uc values.
Van der Hoek et al (1996) studied the impact of grain size and filtration rate on operation and 
performance in SSFs in Amsterdam. They fed four pilot units with highly pretreated surface 
waters. Two different filter rates were applied to two different filter sand types (di0.9o=0.19- 
0.35 mm and d10.90=0.25-0.84 mm). All the units were producing water within the Amsterdam 
Water Supply standards. The filters with the smaller grain size showed slightly better 
performance with respect to the filtrate, and presented a shorter filtration rate, as predicted 
by filtration theory. However, these results also show that pretreatment in this case 
practically overrides the effect of grain size and filtration rate on the SSF performance.
Deeper sand beds should result in improved removal of particles. However, due to the 
development of the filter skin and the biological activity concentrated mainly in the upper 
sand layers, particle removal is more effectively accomplished in this part of the SSF units. 
After a field survey Lloyd (1974) found evidence showing the significance of the uppermost 
5-10 cm of SSF as the functional zone in purification at a filtration rate of 0.15 mh'1, where 
around 1 log reduction of mesophiiic and thermophilic bacteria usually takes place. For the 
same grain size grading, this functional zone increases with higher filtration rates, although 
population quantities and densities tend to decrease for the most active protozoa predators. 
Bellamy et al (1985) found in their pilot units that 93 percent of the total coliforms were 
removed in the top 0.5-m bed depth and 95 percent above 1.0-m bed depth. Experimental 
evidence like this supports the practice of having a minimum sand depth above 0.3 to 0.5 m 
in the SSF units to achieve more than one log reduction of indicator bacteria. This is relevant 
for small systems working with low flow rates (0.1 to 0.2 mh'1), but having to filter at higher 
rates during short periods due to their lower buffering capacity when one of the units is out of 
operation.
The sand to be put into the SSF units should be clean, free of clay, earth and organic 
material (Visscher et al 1987; Ives, 1990). The presence of dust or fine material produces 
high initial head losses and seems to limit the essential development of an active and 
effective microbial population in the filters bed. Placing dirty sand in the filter may interfere 
with the treatment process and makes it necessary to remove the sand earlier for correct 
washing.
2.5.3 Operation and maintenance procedures
SSF units must operate continuously since this contributes to better quality effluents, and a 
smaller filtration area is required for a given daily water production. Declining rate filtration
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can be applied, but intermittent operation should be avoided since oxygen depletion in the 
bed compromises biological activities. Sundaresan and Paramasivan (1982) report 
deterioration of effluent bacteriological quality when filters recommence operation after 5 hs. 
Haarhoff and Cleasby (1991) identified initial-ripening periods in the range of 35 to 100 days 
before the effluents of the SSF units became stabilized for parameters such as viruses, 
indicator bacteria, and turbidity. Hendricks and Bellamy (1991) report data of Giardia cyst 
removal above 2 log units even with clean sand. Bellamy et al (1985), experimenting with low 
polluted raw water, found that the initial ripening period could be reduced from seven weeks 
for the control filter, to three to four weeks with nutrients added to the other filters. This initial 
period is not necessarily related to head loss in the SSF units, since the filter skin may be 
made up of fine detritus and deprived of an active biological population.
After several weeks or months of running, the SSF unit will gradually become clogged as a 
result of the accumulation of inorganic and organic material, including the biomass that is 
formed on top of the filter bed. In this top layer the major increase in head-loss occurs thus 
allowing, by scraping off this layer, the restoration of the hydraulic conductivity to the level at 
the beginning of the filter run. Classically, this is achieved by scraping the top 1 to 3 cm of 
the filtering bed. After several scrapings, when the filter bed measures its minimum (0.3 to 
0.5 m), resanding is required.
Manual cleaning has been the option for most small SSF units. In general, high frequency of 
scraping is associated with one or more of the following factors, high solids concentration in 
the raw water, the grow of algae in the water supernatant, small media grains, low available 
head, and high water temperature (Letterman, 1991). The filter runs (periods between 
scrapings) of SSF units in the USA, with a water production of 112 and 650 m3 per m2 of filter 
surface area, ranges from one week to one year, with the average about 1.5 months 
(Letterman, 1991). After reviewing five references about small systems in the USA, 
Letterman (1991) reports manual scraping labor requirements in the range of 1.3 to 8 
(average 4.2) person-hour per 100 m2 of area scraped. The labor requirement increases 
significantly when the depth scraped is greater than about 2.5 cm. Filter runs for small 
systems are reported in the range of 20 to 60 days by Shulz and Okun (1992), quoting Fair et 
al (1968). Cleasby (1991) considers that with cycles shorter than 1.5 months labor costs will 
escalate and operator satisfaction with the plant will diminish.
After scraping the sand surface, a secondary-ripening period may be necessary for the SSF 
to recover their previous treatment capacity. Letterman and Cullen (1985) report values in 
the range of 0 to 10 days for this secondary period. They found no correlation between filter 
design and operation conditions with the presence or absence of a ripening period. 
Hendricks and Bellamy (1991) consider that the most important factor affecting the duration 
of a secondary-ripening period appears not to be the removal of the filter skin, but the 
dewatering of the sand bed. This consideration is in harmony with Lloyd’s (1974; 1996) 
recommendations of doing cleaning procedures whenever possible in warm periods and 
keeping the water table within 10 cm below the sand surface. According to Lloyd, this should 
contribute to retain spirotrichs and peritrichs protozoa which are susceptible to desiccation 
and are unable to reestablish themselves at less than 3 °C.
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Scraped sand should be washed and stored. After several filter runs this activity leads to a 
gradual reduction of the sand bed depth until a minimum value, usually in the range of 0.3 to 
0.6 m (Fox et al, 1994; Visscher et al, 1994), is reached. Then resanding became necessary. 
For resanding, Huisman and Wood (1974) recommend that the remaining sand in the filtering 
bed should be lifted to become the top portion, with the stored and washed sand comprising 
the bottom. In this way the sand on top of the filtering bed should provide seed organisms to 
make shorter the ripening period. In Amsterdam, resanding was improved by changing from 
a dry method of feeding the sand into the SSF units to a wet procedure, in which the heavier 
sand particles settle first, then the dust and finer particles, which can then be washed away. 
In this way the head loss at the interface between the old and the new sand layers was 
greatly reduced (Kors et al, 1996). Resanding requires in the USA around 50 person-hours 
per m2 (Slezak and Sims, 1984).
At some treatment facilities, sand is replaced every time the filter is scraped. However, 
Letterman (1991) recommends avoiding this procedure since Huisman and Wood (1974) 
found that the deposits accumulates from run to run in the lower parts of the bed and may 
cause persistent clogging and short filter runs.
The wet-harrow cleaning technique uses a horizontal and sometimes vertical pressurized 
water flow below the sand surface for washing across the filter skin being harrowed, without 
dewatering the sand beds. The wash water is passed out via a surface overflow weir. Shorter 
cleaning and ripening periods were reported with this technique in the USA, where it is 
applied in SSF units treating clear raw waters (Collins et al 1991).
2.5.4 Design guidelines
Great differences exist in the application of SSF technology around the world, as it depends 
on drinking water quality standards, raw water quality, the type and level of pre-treatment 
specified; and the local conditions. These conditions include institutional development and 
supporting capacity to community based organization, availability of materials and financial 
resources, user income and willingness to contribute to capital investment and running costs 
of the WS & S infrastructure.
Design criteria presented by various authors and based on different experiences and 
conditions are summarized in table 2.4. Those recommended by Visscher et al. (1987), 
although oriented world wide, were considered adequate for small systems in the USA, 
where the experience with SSF was being reestablished (Pyper and Logsdon, 1991). The 
last column in the table 2.4 corresponds to the design criteria of one the SSF units at the 
Weesperkarspel plant in Amsterdam, having 12 roofed units, processing highly pretreated 
water, with 605 m2 (22x27.5 m) per filter (Kors et al, 1996). In this plant a SSF unit has a 
yearly mean filtration rate of 0.48 mh'1 and a design capacity of 0.65 mh"1, allowing room for 
some SSF units being temporarily operated at higher filtration rates, meanwhile other units 
are being maintained.
32
Table 2.4 Comparison of design criteria for slow sand filtration from various authors
Design
Criteria
Recommendation Kors, et al 
(1996) 
(Treatment 
plant data)
Ten States 
Standards 
USA (1987)
Huisman 
and Wood 
(1974)
Visscher, 
et al. 
(1987)
Design period (years)
Period of operation (hd'1)
Filtration rate (mh'1)
Sand bed: Initial height (m)
Minimum height (m)
Effective size (mm)
Uniformity coefficient: Acceptable 
Preferred
Support bed. Height including drainage (m) 
Supernatant water. Maximum height (m) 
Freeboard (m)
Maximum surface area (m2)
Not Stated 
24
0.08 - 0.24 
0.8 
Not Stated 
0.30 - 0.45 
Not Stated 
£ 2.5 
0.4 - 0.6 
0.9 
Not Stated. 
Not Stated
Not Stated 
24
0.1 -0.4 
1.2 
0.7 
0.15-0.35 
<3 
<2 
Not Stated 
1-1.5 
0.2 - 0.3 
Not Stated
10-15
24
0.1 -0.2 
0.9 
0.5 
0.15-0.30 
<5 
<3 
0.3-0.5 
1 
0.1 
<200
Not Stated 
24
0.48 - 0.65 
1.3 
0.8 
0.15
2.1
0.5
2.0
605
2.6 Water Quality Limitations of Slow Sand Filtration
Slow sand filtration has been recognised as a simple, reliable and efficient treatment 
technology and the most effective unit treatment process in improving water quality. 
However, SSF does not necessarily remove all harmful substances to the extent required by 
relevant drinking water quality standards. Table 2.5 presents typical treatment efficiencies 
that SSF can achieve. The reported efficiencies have normally been achieved in filters units 
operated at filtration rates in the range of 0.04 and 0.20 mh'1, temperature above 5°C, and 
sand-bed depths greater than 0.5 m.
The efficiencies in table 2.5 cannot always be achieved though, because much depends on 
the nature, composition, and concentration of the components in the influent waters; and the 
effect of design parameters, and ambient and operating conditions. Even if high removal 
efficiencies can be obtained, SSF alone cannot always produce water of a high standard. 
Raw water sources in many countries are already so deteriorated that a combination of 
treatment processes are required to meet water treatment objectives or national drinking 
water standards
Clearly, SSF, like all other treatment processes is not a panacea solution for every water 
quality problem. In general, two situations under which SSF presents limitations can be 
identified.
• Levels of contamination in the raw water that exceed the treatment capacity in order to comply 
with the existing standards, or may result in short filter runs.
• Conditions that inhibit or reduce the efficiency of the treatment process.
2.6.1 Levels of contamination that exceed the treatment capacity
Suspended solids or turbidity. The most frequently mentioned limitation of SSF when used 
as a single treatment step, is its inability to treat water with a high level of suspended solids 
or turbidity. These solids can create major increases in head loss and adverse conditions for 
the biomass active in the filtering bed. Even short peaks of solids may bury the large number
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of bacterial predators present in the sand bed and thus reduce their capacity to remove 
harmful microorganisms (Lloyd, 1974 and 1996). This important potential reduction in 
biological performance is, however, rarely cited in the technical literature despite the fact it 
may have a very negative effect on the quality of the treated water. The literature seems to 
particularly focus instead on the difficulties of treating water sources with small particles of 
colloidal nature or the impact of high concentrations of particulate matter on the duration of 
filter runs.
Table 2.5 Treatment efficiencies of slow sand filters (Galvis et al, 1992a; Fox et al, 1994; 
Lambert and Graham, 1995)
Water quality 
parameter
Performance 
or removal 
capacity
Comments References
Enteric bacteria 90 to 99.9%
Reduced by low temperatures; increased 
hydraulic rates; coarse and shallow sand beds; 
and decreased contaminant level
Cleasby et al, 1984; Schellart, 
1988; Smet and Visscher, 
1989
99 to At 20 °C: 5 logs at 0.2 mIY1 and 3 logs at 0.4 mh'1 Poynter and Slade, 1977;
Enteric viruses 99.99% At 6°C: 3 logs at 0.2 mh'1 and 1 log at 0.4 mh'1 Wheeler etal, 1988
99 to High removal efficiencies, even directly after Bellamy et al, 1985; Logsdon,
Giardia cysts 99.99% cleaning (removal of the filter skin) 1987
Crypstosporidium >99.9% Crypstosporidium Oocytes. Pilot scale studies Timms etal, 1995
Cercaria 100% Virtually complete removal Ellis, 1985
Turbidity <1 NTU
The level of turbidity and the nature and 
distribution of particles affect treatment capacity
Slezak and Sims, 1984; Smet 
and Visscher, 1989
Pesticides 0 to 100% Affected by the rate of biodegradation Lambert and Graham, 1995
DOC 5 to 40%
Mean around 16%. Removal appears to be site 
specific and varies with raw water and O&M Lambert and Graham, 1995
UV-absorbance 
(254 nm) 5 to 35 %
A Slight, but not significant difference in treating 
upland and lowland water sources. Mean 16-18% Lambert and Graham, 1995
True Colour 25 to 40%
Colour associated with organic material and 
humic acids. 30% being the average
Ellis, 1985; Smet and 
Visscher, 1989
UV-absorbance 
(400 nm) 15 to 80%
Colour (°Hazen). Mean 34%, but upland water 
sources 42% and lowland water sources 26% Lambert and Graham, 1995
TOC; COD <15-25% Total organic carbon; Chemical Oxygen demand Haarhoff and Cleasby, 1991
AOC 14 to 40% Assimilable organic carbon. Mean about 26%. Lambert and Graham, 1995
BDOC 46 to 75% Biodegradable dissolved org. carbon. Mean 60% Lambert and Graham, 1995
Iron, manganese 30 to 90% Fe levels > 1 mgl'1 reduce the filter runs Ellis, 1985; Di Bernardo, 1993
To prevent high effluent turbidities, frequent blockage of the filter bed (filter runs shorter than 
one month) or an environment that is unfavourable for microbiological activity, upper limits 
are indicated for the influent turbidity. These vary however between <5 NTU (Cleasby et al, 
1984), <10 NTU (Hendricks and Bellamy, 1991), <20 (Pardon, 1989) and <50 NTU (Ellis, 
1985; Ten State Standards (TSS), 1987). Furthermore, the majority of the references accept, 
although recognising it as undesirable, higher values in the range of 50 to 120 NTU, provided 
these are of short duration, i.e. less than few hours to 1 to 2 days. Nevertheless, turbidity 
alone is not sufficient to identify the limitations associated with filter runs duration (Cleasby et 
al, 1984).
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Although accepted as indirect indicator of the presence of particulate matter because of its 
ease of application, this parameter however, does not always properly reflect the load of 
solids that the filter receives, particularly if the particles are of organic nature such as algae. 
In addition, very few recommendations exist about the maximum charge of suspended solids 
(SS) an SSF can accept. However Wegelin (1986) suggests a charge below 5 mgl'1 but 
without evidence related to the impact of this level of SS on SSF units.
Iron and manganese. Bacteria that contribute to the oxidation of iron and manganese are 
present in the filter bed. Small quantities of iron deposits improve the removal capacity for 
organic components (Collins et al., 1985). Nevertheless, high concentrations of iron (above 1 
mgl'1) may contribute significantly to the clogging of the SSF unit (Spencer and Collins, 
1991).
Algae may grow in the rivers, lakes, storage reservoirs, or even in the supernatant of the 
SSF. The presence of algae in moderate quantities is usually beneficial for the functioning of 
the SSF units. Most algae are retained by the SSF, but under certain conditions occasional 
and significant algae growth or algae blooms may develop. This massive growth may cause 
a quick reduction of the permeability of the filtering bed, greatly reducing the filter run. Algae 
may also play an important role in the production of high concentrations of soluble and 
biodegradable organics in the water, which may create smell and taste problems, and 
contribute to microbial growth in the distribution system. Furthermore, as a result of the 
photosynthesis, algae may affect the buffer capacity of the water and increase the pH to 
levels of 10 or 11, which may in turn, result in the precipitation of magnesium and calcium 
hydroxides in the sand bed (Ives, 1957). This can contribute to the obstruction of the filter 
bed, increase the effective diameter of the sand, and reduce the efficiency of the process.
Controlling the algae is difficult, but the possible methods are based on reducing the nutrient 
contents in the raw water, or creating a storage system or a supernatant environment in 
which algae can be controlled by the exclusion of light. Different levels have been 
established for the concentration of algae (table 2.6). It has to be remembered that algae can 
be present in the raw water source or grow in the filters of the supernatant water if conditions 
in terms of nutrients and solar radiation are favourable. Only in the last case will covering the 
filters be effective, as this will reduce the algal growth. Before deciding to cover the SSF, it 
needs to be checked if standard operation and maintenance procedures are not enough to 
manage moderate quantities of algae by occasional harvesting.
Organic colour and organic carbon. The limitation of SSF to sufficiently remove organic 
colour and organic carbon of raw waters is normally reported. In fact, some studies report no 
removal at all and others (Fox et al, 1984, and Haberer et al, 1984; quoted by Haarhoff and 
Cleasby, 1991) present TOC and COD removal in the range of 15 to 19%. However, other 
studies (Joshi et al, 1982; quoted by Haarhoff and Cleasby, 1991) report COD removals in 
the range of 50 to 68%. "The discrepancy [in these removal efficiencies] lies in the diverse 
composition in organic compounds which are grouped together under surrogate parameters 
such as COD or TOC" (Haarhoff and Cleasby, 1991). To support this observation the results 
of research in Germany (Haberer et al, 1984), having removal efficiencies for six classes of
organic compounds in the range of 3 to 86 % (filtration rate of 0.21 mh'1) were presented. The 
removal mechanism for most of these compounds was considered to be 
adsorption/desorption to the sand surfaces.
The previous observations also are in harmony with the data reviewed by Lambert and 
Graham (1995) and grouped and reported under different parameters. For different 
pesticides they report efficiencies in the range of -20 to 100%. Low rates of biological 
biodegradation were considered to be an important factor in the poorer removals of some of 
the pesticides. For non-specific organic compounds that comprise organic carbon and 
organic colour components, it was found that removal efficiencies appear to be site-specific, 
and vary with both the nature of the raw water source, ambient conditions, and the filter 
management practice applied. The literature review shows that SSF units generally remove 
between 5 and 40% of DOC, although the mean value was only 16%, and the difference 
between upland and lowland water sources was not significant. It was found that there was 
no particular relationship between DOC and UV-absorbance or colour removal between one 
plant and another, and in some instances, the relationship that exists in a particular plant was 
found to vary seasonally or between successive filter runs. The data reviewed showed that 
UV-absorbance (254 nm) is reduced in the range 5 to 35%. For all water sources, reported 
colour removals (absorbance at 400 nm or °Hazen) in the literature ranged from 15 to 80%, 
with a mean colour removal of 34%. However, mean colour removals were 42% for upland 
water sources, compared to 26% for lowland waters.
True colour removals, as colour units of Pt-Co in filtered or centrifuged samples, includes 
only colloidal and soluble substances, especially natural organic matter. The removal of true 
colour is normally reported to be in the range 25 to 30% (Cleasby et al., 1984; Ellis, 1985; 
Collins et al., 1991). As a result of the potential formation of disinfection by-products in the 
presence of organic material, low colour levels are desirable (Spencer and Collins 1991). 
The colour level, however, should not determine the application of final disinfection, as the 
risk of acute microbiological contamination is far more significant (Craun et al, 1994b).
Heavy microbiological contamination. In some communities, the only source available for 
water supply may be so heavily contaminated with harmful microorganisms that SSF alone 
will not be able to produce a good quality effluent. Whilst long term efforts are directed to 
protecting catchment, pretreatment of the raw water may be necessary before SSF can be 
properly applied.
2.6.2 Conditions that inhibit or reduce the efficiency of the treatment process
Various circumstances can interfere with the treatment process in the SSF units and prevent 
the expected efficiencies being obtained. Some of these are related to the short filter runs 
considered in Section 2.6.1. Other important inhibiting conditions are low temperatures, low 
nutrient content and low dissolved oxygen content.
A low temperature increases the viscosity of water and reduces the bio-chemical activity in 
the sand bed, affecting the treatment efficiency. E. coli removal may be reduced from 99 to
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50% when the temperature falls from 20°C to 2°C (Huisman and Wood 1974). In London, 
conventional SSF running at 0.3 mh'1 could not produce a filtrate below 50 CFU/100 ml, at 
temperatures below 4°C (Toms and Bayley 1988), whereas in summer results were much 
better, usually below 10 CFU/100 ml. The strategy in countries that face cold periods during 
the year has been to cover the filters or to build underground to prevent the freezing of the 
units and reduce the impact of low temperatures which, of course, has considerable 
economic implications. Reducing the filtration rate is another way to reduce the impact of low 
temperature on the treatment process. Toms and Bayley (1988) present evidence that the 
same filters in London operating at filtration rates below 0.20 mh'1 instead of 0.30 mh'1 
produced effluents with less than 10 CFU/ml, even though temperatures were low.
Nutrients. The microorganisms active in the sand bed require nutrients such as carbon, 
nitrogen, phosphorus and sulphur for their metabolism and growth. The humic and fulvic 
acids are rich in carbon but low in the other elements (Spencer and Collins, 1991). This may 
be part of the explanation for the low removal of natural colour in SSF treating water sources 
that are well protected. Bellamy et al. (1985) report that adding nutrients permits increasing 
the biological activity in experimental SSF units, and improves the removal efficiency for 
turbidity and for microbiological contamination.
Dissolved oxygen. When the flow velocities and the dissolved oxygen level in the water 
source are low, particularly if this is combined with a high amount of biodegradable material, 
the oxygen in the water can be depleted resulting in anaerobic conditions in the filter skin 
(Joshi et al., 1982). This anaerobic condition in the filter must be avoided because it may 
create serious water quality problems such as bad smell and taste, as well as re-suspension 
of heavy metals with implications of aesthetic nature or interference with the final disinfection 
stage.
In summary, in spite of the potential of the SSF process illustrated in table 2.5, surface 
waters presenting relatively moderate to high levels of contamination could not be treated 
directly by conventional SSF units, as recommended by some authors in table 2.6. Far too 
great a strain would be placed on the terminal disinfection, limiting its role as a final safety 
barrier. This would be critical in the Latin American and Caribbean countries, where the 
reliability of disinfection is low (Reiff and Win, 1995).
Table 2.6 Some water quality guidelines that permit direct slow sand filtration treatment
Water quality 
parameters
Quality limitations based on references of 1991
Spencer, et al. Cleasby Di Bernardo
Turbidity (NTU)'1' 5-10 5 10
Algae (Units/ml) 200(2) 5 jag!*1 (3) 250
True colour (PCU) 15-25 5
Dissolved oxygen (mgr1) >6
Phosphate (PO4) (mgl'1) 30
Ammonia (mgl'1) 3
Total Iron (mgl'1) 1 0.3 2.0
Manganese (mgl'1) 0.05 0.2
Faecal Coliforms (CFU/100ml) 200
(1) The type of turbidity and the particle distribution may produce changes in the water quality of the effluent of the SSF.
(2) Both the number and the type of species present in the water source are important. This reference suggests covered filters.
(3) This limit corresponds with chlorophyll-a in the supernatant water as an indirect measure for the algae content.
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2.7 Overcoming the Water Quality Limitations of Slow Sand Filtration
The application of the multistage and integrated water treatment concepts has taken 
advantage of the great potential of the SSF technology. They have made it possible to 
overcome many of the water quality limitations previously identified and to meet drinking 
water quality requirements. In practice, they are not new concepts as can be seen from the 
gradual evolution of water treatment in two important European cities.
London. By the beginning of the twentieth century SSF was already accepted as a vital 
barrier in the provision of safe drinking water in London. A few years later, long-term storage 
reservoirs, and terminal disinfection with chlorine were incorporated as additional treatment 
steps. Each of these treatment stages was fundamental in contributing to improve drinking 
water quality. Nevertheless algal growth in the reservoirs and the increased load of 
suspended solids gradually created premature clogging problems in the SSF units. This 
problem was overcome in 1923 (Ridley, 1967) when the Metropolitan Water Board 
introduced its first “rapid” sand filter (without coagulants). This double filtration was used 
without major modifications until the 1980’s. The gradual microbial improvement of each step 
of this four-stage treatment is illustrated in figure 2.8. In the 1990’s, to comply with the 
requirements of the European Community, the treatment plants were improved by including 
ozone and a layer of activated carbon in the filter bed to increase the biodegradability and 
the removal of organic compounds and improve the reliability of disinfection.
(6 6 9 0 )  (24-9) (2 0 0 )  (1 0 )  (0 )
Figure 2.8 Gradual removal of microbes indicating pollution (Escherichia coli) from a half pint 
glass (284 ml) of water at each stage of a typical London water treatment plant, 
based on a 10 years’ (1961-1970) average. (Adapted from Windle-Taylor, 1974)
Zurich The city of Zurich draws its water from three sources: Lake Zurich, groundwater, and 
springs. The first treatment plant with SSF began operation in 1871. Gradually, other 
processes were added due to water quality deterioration and higher water quality standards 
setting lower acceptable levels of organic contamination. Today lake-water provides for 70 
percent of the water supply and is treated in two water treatment plants, one in Lengg and 
the other in Moss. In 1975 the SSF became the seventh of an eight-stage treatment system 
comprising: pre-oxidation in the lake water collectors, coagulation/flocculation, pH 
adjustment, rapid sand filtration, ozone treatment, activated carbon filtration, SSF, and 
disinfection (Figure 2.8). Velocities up to 0.7 mh'1 are now applied in the SSF. One of the 
benefits of SSF in this treatment plant is to contribute to the removal of the organic 
compounds that support biofilm growth in the distribution system, reducing the requirements 
for high levels of disinfectant residuals.
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Figure 2.9 Flow diagram of the water treatment system in Lengg, Zurich (adapted from Huck, 
1988)
As previously illustrated, SSF continues to be used as a treatment process in large European 
cities but today it is one of the final treatment stages, after quite complex pretreatment 
stages. As a result, the SSF units receive water of very good quality, usually better than 
required by the authors cited in table 2.6. Therefore these systems, with reliable operation, 
maintenance, and management conditions, can operate at high filtration rates, at around 0.3 
to 0.7 mh'1, above the conventional filtration rates of 0.04 to 0.2 mh'1. in these European 
cities, the multiple barriers strategy and basic water treatment concepts (section 1.2) 
gradually developed from field experience and under the pressure of tighter regulations. To 
extend the possibility of surface water treatment to rural areas and small towns, these 
concepts should be used in identifying, developing and promoting pretreatment alternatives 
in harmony with the simplicity of operation and maintenance of SSF.
2.7.1 The search for pretreatment alternatives for small water supply systems
The adequate use of SSF technology in small systems often has been determined by the 
availability of good quality water resources as is obvious from the application of SSF in the 
USA (Sims and Slezak, 1991). "Pretreatment appears to be the technical link missing from 
the SSF technology for small communities" (Pardon, 1989). During the last few decades 
pretreatment alternatives without requiring skilled staff, complex mechanical equipment, or 
chemicals supply are being recovered or developed to extend the application of SSF to 
poorer water sources. Some- of these methods are orientated towards improving surface 
water quality at the abstraction point, such as riverbank filtration (infiltration wells) and 
riverbed filtration (infiltration galleries). Other methods, using plain sedimentation, are long 
and short-term storage, and tilted plate settling (Smet and Visscher 1989). Other methods 
are based on coarse filtration, such as dynamic filtration; and horizontal flow, downflow, and 
upflow gravel filtration (Galvis and Visscher, 1987; Smet and Visscher, 1989).
Infiltration wells. One of the oldest pretreatment techniques is the filtration in infiltration wells or 
riverbanks along a river or stream valley. Depending on the surface water quality and the 
abstraction soil strata, the abstracted water may be acceptable for direct human consumption or 
to be feed water for SSF units. Experiences in the Rhine River at Dusseldorf, (Engels and 
Poggenburg, 1989) indicate that turbidity in winter 1985/86 was reduced from 1 to 6 NTU in the 
river, to 0.2 to 0.8 NTU in the abstracted water. Trace metals, DOC and COD were also 
significantly reduced. However, Engels and Poggenburg, (1989) also report problems with the 
re-suspension of iron and manganese oxides when the oxygen level in the river falls below 1
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mgl'1. Changes in the sediment transport in the river may also affect the capacity of the wells. 
One possible disadvantage of this system is that changes may occur underground, which can 
be difficult to remedy by maintenance activities.
Infiltration Galleries. In Infiltration Galleries or Riverbed filtration, water is abstracted using 
perforated pipes through the natural riverbed material, or if the permeability is too low, through 
an artificial bed of coarse sand and gravel. Several riverbed filtration systems are reported 
(Smet et al, 1989) with different water retaining methods such as longitudinal and lateral drain 
systems, modular sub-sand abstraction, and river dam filtration system. Flow velocity through 
the filtering bed ranges from 0.25 to 1.5 mh'1, depending on turbidity levels and effluent 
requirements. Removal efficiencies up to 98% have been reported for riverbed dam filtration 
from rivers with turbidity levels in the range of 48 to 200 NTU (Salazar, 1980), however, in a field 
evaluation the efficiencies were found to be around 20% (Cinara and IRCWD, 1988). This was 
may be due to the difficulties to implement the periodic cleaning or reposition of the clogged 
filtering material, particularly during the rainy season, when the rivers present high flows and 
high solids transport capacity. Because clogging of the infiltration area can make necessary the 
reconstruction of the riverbed filter or the infiltration area, pretreatment filtration alternatives 
completely separated from the surface water source are receiving more attention (Cleasby, 
1991).
Plain sedimentation. Exposing the water to relatively quiescent conditions will allow removing 
suspended matter by the action of gravity, and the natural particle aggregation, without the use 
of coagulants. This process is called Plain sedimentation. Ideally, the clarification efficiency of a 
settling basin, for a particular suspension of discrete particles, depends only on S0, the surface 
charge (relation between the flow and the settling surface area). In practice, however, disturbing 
factors such as turbulence and short-circuiting, reduce the effective settling velocity.
Plain sedimentation may have short retention times, of the order of minutes or a few hours. In 
this situation grit chambers and sedimentation tanks can efficiently remove heavy and coarse 
solids such as sand and silt particles, but is far less effective for colloidal particles. For small WS 
systems, Wegelin (1996) recommends rectangular sedimentation tanks, and considers that 
inorganic matter larger than about 20 pm could usually be removed. Meanwhile, Shultz and 
Okun (1992) had limited this value to about 10 pm, when their specific gravity is 2.65. Then, 
short-term plain sedimentation seems to be useful only as a preliminary treatment step. In any 
case, the technical and economical feasibility of achieving this treatment goal may be estimated 
using sedimentation columns (Huisman, 1989; Droste, 1997).
Improved flow conditions in the settling zone (laminar and stable flow) and lower values of S0 
(greater surface area for a given flow) can be obtained in a given conventional sedimentation 
tank introducing parallel plates set at a short distance, 5 to 10 cm. To ensure self-cleaning 
capacity, these plates are tilted or inclined at a steep angle of 50 to 60° to the horizontal 
(Huisman, 1989). Tilted plate settlers may reduce the required area of a conventional settler 
(without plates) by some 65%. Tilted plate settlers are widely used in chemical water treatment, 
but their application with non-coagulated water is very limited. Besides, in small systems, if area 
is not a critical issue, this option may have comparable capital costs to the conventional settling,
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but higher running costs, since more frequent attention and cleaning would be required due to 
its lower sludge storage capacity (Castilla and Smet, 1989; Huisman, 1989; Cleasby, 1991).
Plain sedimentation may have long retention times, of the order of days or weeks. In this case 
other factors are important, including wind, thermal, and photosynthetic effects (Cleasby, 1991). 
This is usually an expensive solution to be adopted exclusively for water supply purposes in 
small systems (Pardon, 1989). A classical goal of storage basins is to provide supplies during 
periods of low rainfall in multipurpose projects, and off-channel storage can provide a source 
during short-term pollution events. Storage basins can be used as preliminary treatment. For 
extremely turbid waters, above 1,000 NTU, storage provides the best pretreatment (Shultz and 
Okun, 1992). In England the water depths in the pumped storage reservoirs are typically about 
10 to 20 m and the theoretical retention time ranges from about 10 to 50 days (WRC, 1977, 
quoted by Cleasby, 1991). In London, in long-term storage prior to SSF, turbidity reductions 
from values around 30 NTU to values below 4 NTU have been reported (WRC, 1977). As 
shown in figure 2.8, in the period from 1961 to 1970 the average E  coli faecal coliform counts 
were reduced by 96%, from 6680 to 240 UFC/100 ml (Windle-Taylor, 1974). However, the 
periodic blooms of algae made it necessary to introduce microstrainers or rapid filters before the 
SSF units (Ridley, 1967). Management techniques have been developed to minimise algae 
blooms and other detrimental water quality effects in the reservoirs. These techniques include 
pumping devices to control the thermal stratification. The potential of long term storage to 
protect SSF in small systems directly or in combination with other treatment steps needs to be 
evaluated under local conditions, introducing the possibility of a multipurpose reservoir.
Coarse media filtration. Porous media such as gravel and sand are old water clarification 
processes with documented applications in several European countries, since the 1800s 
(Baker, 1981). The development and promotion of this technology was interrupted with the 
arrival of chemical and mechanised water treatment technologies. Since the 1970s, the use 
of SSF technology in small WS systems has gained increasing attention because of the 
potential of coarse media filtration (CMF) to improve the quality of deteriorating surface 
waters. During the 1980s, it became clear that CMF was a good option to condition the water 
before it reached the SSF units, based on studies conducted in Africa, Asia, Europe, and 
Latin America. These technologies and new ones are still being developed at the end of the 
1990s.
2.8 Coarse Media Filtration as Pretreatment Step for Slow Sand Filtration
Short-term plain sedimentation may be the first conditioning stage of surface waters that 
transport relatively large and heavy particles, such as grit or sand. However, rivers usually 
transport a wide range of particles, including those with sizes <10 to 20 pm. Besides, in the 
Andean region most streams or small rivers present peaks in suspended solids of short 
duration, and this may happen in the absence of the caretaker of the WS systems.
Coarse media filtration (CMF) is considered to be a promising pretreatment technique for 
small WS systems since it is more effective in removing suspended particles than short-term
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plain sedimentation and because of its ability to maintain treatment simplicity comparable to 
that of SSF. CMF units are easier to operate and maintain than long term storage reservoirs 
and are not dependant on the hydraulic behaviour of water streams or rivers, as are 
riverbank and riverbed filtration, particularly during the rainy seasons in tropical countries.
2.8.1 Classification of coarse gravel filters
Different CMF alternatives, using gravel (G) as filter media, are schematically illustrated in 
figure 2.10. Galvis and Visscher (1987), and Wegelin (1988) have classified them according 
to the main application purpose and the flow direction as shown in figure 2.10.
Upflow Gravel Filter in Scries (UGFS)
Downflow Gravel Filter in Scries (DGFS) Drainage
Horizontal Flow Gravel Filter (1IGF) Upflow Gravel Filter in Layers (UGFL)
Figure 2.10 Schematic view of coarse gravel filtration alternatives (Based on Galvis and 
Visscher, 1987)
2.8.2 General considerations
Effluent water quality. Coarse gravel filters (CGF) have been normally specified to produce 
an effluent with turbidity <10-20 NTU (e.g. Pardbn, 1989), or suspended solids <5 mgl'1 (e.g. 
Wegelin, 1986; Wegelin and Mbwette, 1989), although the impact of these or other values on 
the SSF performance or maintenance is not clearly established. Besides, other parameters, 
such as high levels of faecal contamination or natural organic matter, which could limit the 
application of SSF, are not normally considered as critical factors in the specification of this 
technology.
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Headloss and flow control. Final headloss in CMF units is small, usually a few centimetres, 
with maximum value around 0.30 m. Because of these low values CMF units usually have inlet 
flow control. The inlet structure should include facilities for energy dissipation, flow control, flow 
measurement, and overflow water. A well-designed inlet box facilitates the operation and 
control of the system. A weir or a raised and aerated effluent pipe maintains the water above 
the filter bed level. Flow measurement devices are recommended at the inlet and outlet sides to 
control the operation and to verify that the filter boxes are watertight. Since the CMF units in 
small WS systems deal with low flow and low pressure values, some simplified valves, gates, 
and weirs can be used together with more commercial hydraulic devices (Annex 1).
Design criteria and filter run time. The main criteria for CMF design have been removal 
efficiency and head loss related to particle retention in the filtering bed. Process variables, such 
as particle nature and size distribution, collector size (dc), filtration rate (V), and filter length (L), 
determine the filter run time up to the breakthrough, related to a maximum concentration value 
(Cm) in the effluent, or up to a clogging point, related to a maximum headloss (Hm). A qualitative 
illustration of the impact of some process variables on breakthrough and clogging in RF and 
CMF is illustrated in figure 2.11. As predicted by the trajectory approach in the filtration theory 
(section 2.5.1), the removal efficiencies in coarse filtration will be smaller due to its greater 
collector size. This limitation is partly overcome by lower filtration rates and longer filtering beds 
in CMF.
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Note: Although effluent water quality is expected to be lower in the CMF, its to (break-through) value should be higher than for the RF
Figure 2.11 Effects of some process variables on the breakthrough and clogging points in rapid 
(RF), and coarse media filters (CMF). (Adapted from Boiler, 1993)
Particle transport and removal mechanisms. A comparison between rapid (RF) and coarse 
media filters (CMF) regarding particle collector efficiency, was made by Boiler (1993). This 
comparison was based on the trajectory analyses and previews work of Kim and Rajagopalan 
(1982) on convective diffusion transport, and Rajagopalan and Tien (1976) on transport 
efficiency influenced by all the flow forces and moments including hydrodynamic wall effects, 
gravity, and retarded van der Waals forces. The semi-empirical correlation resulting from these 
studies were applied for vertical flow as a function of collector size and filtration rate. Figure 2.12 
shows the results calculated for particle collision probability, based on the terms of gravity, van
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der Waals forces, and Brownian diffusion, with different particle sizes (0.1, 1, and 10 pm). 
Based on these results, Boiler (1993), underlines that gravity is the dominant factor for coarse 
collectors (larger grain diameters) and particle sizes >1 pm, while diffusion dominates only for 
smaller particles. Besides, van der Waals and chemical double-layer forces seems to grow with 
decreasing dc, and increasing dp, and become negligible when dc> 5 mm in CMF. 'The obvious 
conclusion from this would be to consider roughing [coarse] filters as sedimentation reactors 
with large inner surfaces" (Boiler 1993). Although the RF filtration theory contributes to 
rationalise the design of CMF, it does not consider other possible relevant factors such as 
biological activity.
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Figure 2.12 Collision probability for spherical particles and collectors of different diameters, as 
a result of Brownian diffusion, van der Waals forces, and gravity (Boiler, 1993).
Biological activity. Evidence is available about the biological activity in the coarse filtration 
units when they are processing natural waters and synthetic waters with organic matter or 
nutrients (Trueb, 1982; Pardon, 1989; Wolters et al, 1989a; Collins et al, 1994; CEHE, 1999). It 
has been assumed that through mechanisms similar to those described for SSF, bacteria and 
other microorganisms may form sticky layers in some areas of the filter media or produce 
exocellular polymers that contribute to particle destabilisation and attachment. Macro-biological 
creatures inhabiting the coarse filters are thought to contribute to the sloughing off of stored 
material or biofilm (CEHE, 1999). Pardbn (1989) observed evidence of organic matter 
decomposition during cleaning procedures of full scale HGF in Peru, calling for frequent 
maintenance activities of units susceptible to high biological activity.
Flow conditions and coarse filtration efficiency. The working group at the University of 
Dar es Salaam (Tanzania) carried out tests with vertical flow filter columns of 1 m depth filled 
with gravel varying from 1 to 64 mm in size and filtration rates from 0.5 to 8 mh'1. The 
turbidity of the raw water mixture was maintained at around 60 NTU. Good turbidity 
reductions were obtained at filtration rates < 2 mh'1. This experience shows that significant 
solids removal efficiency is only achieved under laminar flow conditions (see figure 2.13).
Due to the small silt storage capacity of the vertical CMF, Wegelin and Mbwette (1989) 
decided to concentrate the activities of the working group on horizontal CMF. Then, an open 
channel of 15-m length was filled with three gravel fractions of 32-16, 16-8, 8-4 mm in size, 
whereas turbidity of the raw water was maintained at 60 NTU. Under these given conditions, 
the CMF produced effluent turbidities <10 NTU only at filtration rates of 0.5 and 1.0 mh'1, 
confirming the influence of flow conditions on CMF performance.
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Turbidity Removal, 1-Cc/C0(%)
Figure 2.13 Influence of flow conditions on coarse filtration efficiency (Wegelin and Mbwette, 
1989; Wegelin etal, 1991)
Grain size, filtration rate, and treatment efficiency. The separation efficiency per unit filter 
length, X (the filter coefficient in the phenomenological approach to the filtration theory), can 
be estimated based on theoretical considerations in the trajectory analysis to calculate dC/C 
(the basic collision probability). Based on equation 2.3,
—  = Basic collision probability = A d L  = >  A  =  — —  (2.15)
C C 5L
in which the values of X for dp=1 pm, and for different values of collector size, dc, were 
calculated by Boiler (1993). The results (figure 2.14A), show that efficiencies per unit filter length 
>0.001 cm'1 would be possible only when filtration rates of <2 mh'1, preferably <1 mh'1, are 
applied and the total filter length should be of the order of several meters to obtain significant 
total removals. However, in practice, other ambient or operational factors not considered in the 
theoretical analysis, may still lead to different particle separation efficiencies. This is illustrated in 
figure 2.14B, based on experimental work of Collins et al (1994). They found that the gravity 
mechanism of transport of a suspension of 200 mgl'1 of kaoline-clay (K-clay) is enhanced with 
the addition of algae (K-clay+algae), and is hampered with the addition of humic acid, 3.0 mgl'1 
as C, and calcium, 0.0025 M (K-clay+humic acid+calcium). Algae and K-clay can aggregate into 
particles and are more likely to be removed in a coarse filter than is K-clay alone (Collins et al,
1994). Therefore, some practical experience seems to be necessary in order to estimate 
process efficiency in CMF with natural waters.
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Figure 2.14 A: Theoretical initial filter coefficients Xo as a function of grain size and filtration 
rate (Boiler, 1993). B: Relative turbidity remaining after quiescent settling of 
three water suspensions (Collins et al, 1994).
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Grain size (dc) and filter length (L). The influence of dc on k=f(o) was tested in several 
experiments with short layers of HGF using kaolin clay (K-clay) suspensions (Wegelin, 1986; 
Boiler, 1993). The results (figure 2.15A) reveal that the removal efficiencies per unit of filter 
length are greater in the finer collectors of filter media, as predicted by the trajectory analysis. 
However, since the hydraulic gradients (headlosses per unit of filter length) are smaller in the 
coarser collectors of filter media, the design of succeeding layers from coarse to fine media 
is practised in the design of full scale CMF, as shown in figure 2.15B. This offers the 
possibility to remove the larger or heavier solids in the coarse media with low head loss, and 
restrict the use of the efficient finer collectors for the smaller or lighter particles. Thus, the 
values of solids load (o) should decrease with the grain size, along the flow direction, and the 
headlosses could be kept acceptably low along the filter bed during the whole filter run. The 
required overall filter length is also reduced with the use of graded successive layers, as 
illustrated in figure 2.15B (Perez et al, 1985; Boiler, 1993).
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Figure 2.15 A. Filter coefficients X=f(o) for different filter grain sizes at a filtration rate of 1 mh'1 
using K-clay suspensions (Wegelin, 1986; Boiler, 1993). B: Conceptual solids 
reduction along a three layer coarse filter (adapted from Perez et al, 1985).
The filtering media should have a large surface area to enhance particle removal and a high 
porosity to allow the accumulation of the separated solids. Filtration tests with K-clay 
suspensions revealed that neither the roughness nor the shape of the filter material had a great 
influence on filter efficiency (Wegelin, 1986). Any inert, clean and insoluble material meeting the 
previous criteria could be used as filtering media. Gravel is the commonly used material, but 
broken bricks, palm fibre, and plastic material have also been reported in different experiences. 
In a review of CMF performance with different filter media Wegelin (1996) found that the filter 
filled with palm fibre presented a better turbidity removal compared to a gravel filter. Greater 
porosity (92% versus 37%), producing a lower effective velocity, was considered to be the 
explanation for this observation. However, since the use of palm fibre caused a considerable 
drop of dissolved oxygen, odour and taste problems were considered as possible limitations of 
this filtering medium alternative. Using plastic material may require some technical solution to 
the uplift forces of the water.
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Operation and maintenance (O & M). The operation of CMF units requires a frequent (at 
least daily) control of the influent and effluent flow and the quality of the raw and filtered 
water. The maintenance is associated mainly with the cleaning process, which tries to 
restore the initial headloss. To facilitate maintenance a minimum of two units should be 
constructed in parallel. Frequent cleaning of the CMF units is recommended to limit headloss 
development and to avoid operational or maintenance difficulties due to solids consolidation or 
organics decomposition inside the filter media (Pardon, 1989). CMF units are cleaned both 
manually and hydraulically. Manual cleaning involves media removal, washing and 
replacement, which is time consuming and labour intensive. Then hydraulic cleaning facilities for 
in-place media flushing become a key component of the units to ensure a long-term 
sustainability of this treatment technology.
Only surface raking was initially applied to clean hydraulically dynamic gravel filters (DyGF) and 
then it was combined with filter bed drainage. Only manual cleaning was initially used to clean 
HGF and gradually fast drainage of the filter bed compartments has been incorporated in its 
application. Fast or Moderate drainage velocities, combined in some cases with some surface 
raking, are being applied to maintain DGF and UGF. The area and the height of the filter boxes 
should be limited to facilitate both frequent hydraulic cleaning and eventual manual cleaning.
The drainage system. In the case of DyGF, HGF, and DGF, the drainage system collects 
and provides an outlet for filtered water during normal operation, as well as for washing water 
during the hydraulic cleaning by fast drainage. In the case of UGF the drainage system 
distributes the water to be filtered, and collects and provides an outlet for washing water 
during hydraulic cleaning. The system may consist of a small trough (Pardon, 1989), a false 
filter bottom (Eudovique, 1992; CEHE, 1999), or perforated pipes or manifolds (Galvis et al, 
1989). One small trough would have limitations to produce an even flow distribution across 
the entire filter bed compartment. A good false bottom would ensure an even water collection 
or distribution but imply additional hydraulic structures. A properly designed manifold should 
have a good hydraulic efficiency (Hudson, 1981, Castilla and Galvis, 1985) with lower 
construction costs, although requires an additional gravel layer to embed the pipes. Basic 
concepts and design criteria about manifolds are included in Annex 2. The decision between 
false bottom and manifolds should be taken after analysing local conditions.
2.8.3 Dynamic gravel filters (DyGF)
Antecedents. The preliminary ideas of the author of this thesis to start developing the DyGF 
were originated after reviewing two experiences. The first was with a special type of SSF, 
called dynamic SSF (DySSF), initially developed in Russia and used in some Latin American 
countries such as Argentina and Ecuador (Arboleda, 1973; Shulz and Okun, 1992). The 
DySSF consists of a channel about 1 m in depth, with a sand bed and drainage system 
similar to those used in a conventional SSF unit (figure 2.16A). The raw water flows at 0.2 to 
0.3 mh'1 over the bed surface in a thin fluid layer, about 1 to 3 cm deep, and then over a weir 
into an overflow channel to waste. Part of the flow (only 10% of the influent) percolates 
through the sand bed (d10 = 0.25 to 1 mm, and Uc = 2 to 3) at about the same filtration rate 
as in a conventional SSF. The advantages of DySSF are claimed to be low construction cost;
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the capacity to deal regularly with turbidities up to 50 NTU and higher turbidities during short 
periods; and cleaning simplicity, basically daily surface raking (about 5 cm) to prevent 
excessive clogging. Removal and replacement of the filter media is usually accomplished 
every 6 to 12 months. The main mentioned disadvantages are that the source of supply must 
have a capacity >10 times the treated water; and that the DySSF efficiency is lower than the 
conventional SSF (Arboleda, 1973), although there have been no conclusive studies 
supporting this assumption (Shulz and Okun, 1992). During performance studies (Rodriguez, 
1977, quoted by Shulz and Okun, 1992) rates of filtration at the beginning of the filter runs 
were above 0.4 mh'1, dropping to 0.25 and 0.1 mh'1 after 60 and 80 hours of operation.
The second experience was with a type of river dam filtration system, or dynamic filtration 
intakes (DyFI), used to improve surface water quality in small communities of the mountainous 
region of the Cauca Department of Colombia (Salazar, 1980). The system consists of gravel 
bed in a triangular shape at a slope around 3:1, supported on a small concrete or masonry dam 
(figure 2.16B). Periodic raking of the surface of the gravel bed is necessary to maintain filtration 
capacity. Removal efficiencies for DyFI have been reported as high as 98% from rivers with 
turbidity levels in the range of 48 to 200 NTU (Salazar, 1980). However, performance during 
periods of high discharges in the rivers was poor because frequent cleaning (sometimes every 
three days) was needed, and during such periods the upper part of the filter beds was washed 
away (Wolters, 1988). In a field evaluation the turbidity removal efficiencies were found to be 
around 20% (Cinara and IRCWD, 1989). This was may be due to some type of preferential flow 
channels or by-passes originating difficulties to implement the periodic cleaning or reposition of 
the clogged filtering material during the rainy season. Since construction of this type of DyFI is 
likely to be costly in rural areas, and because of the maintenance difficulties, this design (figure 
2.16B) was recommended only for construction on existing dams, and treating waters of low to 
moderate turbidity levels (Smet et al, 1989).
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Figure 2.16 Schematics views of (A) a DySSF, dynamic slow sand filter (Arboleda, 1973), and (B). 
DyFI, Dynamic (or river dam) filtration intake (Salazar, 1980; Smet et al, 1989).
The previous experiences were useful to the author in designing a modified version of a DyFI. 
This new version aimed at overcoming the problems associated with high turbidities of a few 
hours duration in an upland river called "Chorro de Plata", which presents low levels of 
contamination. The coarse intake filter was built in a regulated derivation channel of this stream 
(photo 2.1 and figure 2.17) and represents the only pretreatment stage of two SSF units working
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in parallel (Galvis, 1983; Smet et al, 1989). Under normal operation conditions, 5 Is'1 are treated 
in the SSF units. After short periods of high turbidity levels, the abstracted flow is quickly 
reduced making it necessary to clean the coarse filter. To do this the inlet control valve is 
closed; then the filter surface is raked, starting in the upstream side and following the flow 
direction; and finally, the inlet control valve is opened. All these activities usually take around 30 
minutes. Then the filtrate can be run to waste for some time, if the quality of the abstracted 
water make it necessary. The experience of DyFI in "Chorro de Plata" has been successful, and 
is still working after around 15 years of continuous operation.
Photo 2.1 Modified version of a dynamic filtration intake (DyFI) at the "Chorro de Plata" water 
treatment plant. Cali, Colombia.
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Main (Manifold)
®  Inlet Control Valve
(3) Inlet weir to the Flow 
Distribution Box
(4) Overflow Weir
(5) Discharge (waste) Pipe 
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Lateral Intake
SECTION A - A
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.55m.
Figure 2.17 Layout of the Dynamic filtration intake (DyFI) at "Chorro de Plata" (Galvis, 1983).
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Based on the author's experience in "Chorro de Plata", another DyFI was designed and built in 
the bed of a channel fed with water from the Pance River. This DyFI was used to abstract the 
water to be treated for the Colegio Colombo-Britanico (British-Colombian College). This college 
is located in the suburban southern part of Cali, Colombia. Because in this later case, now 
called the Colombo project, the flow in the channel could not be properly regulated, the filter bed 
was washed away several times during the rainy periods. Then, in the absence of properly 
regulated water streams or small channels, DyFI are not recommended any more (Galvis and 
Fernandez, 1991; Wegelin, 1996). To avoid the previous O&M difficulties, the dynamic filtering 
beds were distanced from the unregulated water streams, either close to a more conventional 
water intake, or located at the main treatment plant site. The first case is illustrated in figure 
2.18, and corresponds to the actual situation of the Colombo project, where the DyFI is now 
attached to the water intake and around 50 m away from the main treatment plant site. In this 
location the dynamic filter protects the total WS system, including the transmission main. If 
however, the intake site is not easily accessible to facilitate O&M activities in small WS systems 
then it is important to locate the dynamic filter at the main treatment plant site.
Figure 2.18 Illustration of dynamic gravel filter placed close to the intake site (Galvis and 
Fernandez, 1991).
Dynamic gravel filtration in the 1990s. DyGF is being developed as the first filtration step 
in a multistage water treatment plant. Under the integrated water treatment concept, it should 
contribute to protect the subsequent treatment steps from high solid loads and contribute in 
improving the overall water quality.
The DyGF performance is expected to be as described by its adjective, dynamic. With low or 
moderate levels of suspended solids in the water source, it should gradually clog. If quick 
changes in water quality occur, the clogging should happen faster. Eventually, with high 
concentration of suspended solids, the gravel bed should be blocked and the influent would 
just flow over the clogged surface area. Reducing or stopping the flow at the DyGF will 
protect the following treatment units. The DyGF should be easier and less costly to maintain 
than the protected treatment units. To look for its dynamic behaviour, and keep its frequent
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cleaning simple, DyGF should behave basically as a surface filter, and not as a deep bed 
filter. Then, contrary to the criteria behind figure 2.15B, DyGF would require that the influent 
water be first in contact with the finest fraction of the media in the filter bed.
A DyGF consists of two or more parallel units packed with gravel of different sizes ranging 
from coarse at the bottom to fine at the surface (Figure 2.19). The flow (Qf) percolates 
through the gravel bed from top to bottom, reaching the drainage system from where it flows 
to the next treatment unit. Due to the relative coarse gravel that is being used, the headloss 
over the filter bed is very small (of the order of 0.01 m). However, If the outlet valve 
controlling Qf is not periodically opened to compensate for the headlosses in the gravel bed, 
the flow through the filter will decline making cleaning necessary to recover the filtration 
capacity. On the surface, opposite the inlet zone, an overflow weir is installed with its crest 
either at the same level of the gravel bed or at around 0.03 to 0.05 m above the gravel bed 
(Guzman, 1997). In the first case Qf will decline from the beginning of the filter run. In the 
second case, the filter operates initially under constant rate conditions. Gradually the head 
loss increases until the supernatant water reaches the level of the overflow weir. The filter 
then starts to operate as a declining rate filter, distributing the influent flow between the flow 
that filters through the gravel (Qf) and the flow that pass on the overflow weir (Qe).
Figure 2.19 Layout of a dynamic gravel filter (DyGF).
During the early 1990s, it was considered possible to distinguish between two main types of 
water treatment objectives in this filtration step (Galvis and Fernandez, 1991). In the first type 
DyGF was oriented at treating water from sources usually transporting low levels of 
suspended solids (< 5 to 15 mgl'1), but occasionally showing sharp peak loads of short 
duration. In this case the design was aimed to obtain quick reductions of the filtered effluent, 
and the units were expected to behave as "automatic" or "plug" valves during periods of high- 
suspended solids. The second type was oriented to treat water from sources usually 
transporting moderate to high levels of suspended solids. In this case the units were 
expected to contribute more integrally to the water treatment, particularly in the reduction of 
suspended solids. The preliminary design criteria of DyGF to fulfil these two water treatment 
objectives are summarised in the table 2.7.
Suspended solids removal efficiencies have been reported in the range of 23 to 77% for 
DyGF units processing natural raw water with suspended solids in the range of 7.7 to 928
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mgl'1, and operating at filtration velocities in the range of 9 to 1 mh'1 (Galvis and Fernandez, 
1991). Although the DyGF is designed primarily to reduce the load of solids, some removal 
efficiencies are also reported in other parameters.
Table 2.7 Preliminary guidelines for the design of dynamic gravel filters (Galvis and 
Fernandez, 1991; Wegelin, 1996)
Parameter
Main treatment objective
improve water quality Reduce the impact of 
peaks of s. solids
Filtration velocity (mh'1)
Filter bed layer: Upper (thickness in m and size in mm) 
Middle (thickness in m and size in mm) 
Lower (thickness in m and size in mm) 
Surface operating velocity (ms'1)
Surface washing velocity (mh‘1)
0.5-2.0 
0.20, and 3-5 
0.20, and 5-15 
0.20, and 15-25 
Nil or 0.1-0.3 
0.2-0.4
>5
0.20-0.30, and 1.5-3 
0.10, and 3-5 
0.10, and 5-15 
Nil or <0.05 
0.2-0.3
Normally, the filter height is around 0.6 to 0.8 m, and is determined by the height of the filter 
bed, the height of the overflow weir, and the freeboard. The filter box is constructed of 
masonry or reinforced concrete. The outlet structure must ensure the collection of the 
overflow during declining rate operation as well as the collection of wash water during the 
surface cleaning of the unit.
Some points of discussion about DyGF during the 1990s. At the start of this research 
little was known about the behaviour and optimisation of dynamic gravel filters. The author 
discussed with his research working group and international partners about several aspects 
of DyGF, such as the optimum filtration rate; stratified or mixed filtering beds; constant 
versus declining filtration rate; and maintenance procedures.
Low filtration rate values may cause significant increments in the capital investment of the 
treatment plant, and high values may lead to detachment or solids transport into deeper 
layers of the bed, reducing the removal efficiency of the process and increasing the 
frequency of cleaning beyond acceptable limits. Having a constant flow rate at the beginning 
of the filter run will simplify monitoring and flow control, but the removal efficiencies, or the 
benefits of a quick answer to water quality changes can be partially lost.
The stratification of the filter bed has been also matter of discussion, since the filtering layers 
may become mixed during maintenance. The stratification would be justified if the DyGF 
were proved to behave mainly as a surface type of filter, which could be cleaned frequently 
by simple surface raking procedures.
2.8.4 Horizontal flow gravel filters (HGF)
Antecedents. The water treatment plant installed at Paisley, Scotland, in 1804 represents 
one of the first documented applications of a special type of HGF (Section 2.1.1 and Figure 
2.1). In fact, the plant is made up of three concentric rings, each 1.8 m wide, and the second 
is a coarse filter with horizontal flow. By the beginning of this century, experiences like this 
were replaced by the expanding use of the rapid filtration technology. However, in recent 
decades HGF has been used in Europe for artificial groundwater recharge (table 2.8). In the
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case of Dortmund (Germany), the HGF was constructed in the 1960s. The abstracted water 
is aerated and fed into the HGF. After coarse media filtration (CMF) the water falls over a 
cascade, percolates through a sand filter bed and finally reaches the aquifer (Kunntschick, 
1976). The other European cities included in table 2.8 applied the experience of Dortmund, 
but used a modified and shorter version of filter beds. European rivers usually present low 
turbidity levels, and CMF operation is stopped during the short periods of high turbidity, when 
the continuous supply is guaranteed by the aquifer's storage capacity. Hydraulic cleaning 
facilities are not included in the HGF used in Europe for groundwater recharge. The total 
operating period for the long filters of Dortmund is about 5 years, after which the gravel has 
to be removed, cleaned and replaced.
Table 2.8 Use of HGF in artificial groundwater recharge (Wegelin, et al, 1991)
Plant Country River Suspended solids (mgl1) Filter 
length (m)
Filtration 
rate (mh’1)Mean Max
Dortmund W. Germany Ruhr 8 20 50-70 10
Aesch Switzerland Birs 7 40 15 5-8
Graz Austria Andritzbach 5 20 10 4-14
Horizontal flow gravel filtration and SSF. In a HGF (figure 2.10), water flows in a 
horizontal direction through gravel media which decrease in size. The filter media are divided 
in three or four sections which reduce in length and comprise gravel reducing in size, with 
coarse gravel in the first section to fine in the last section. The advantage of this system is 
that the gravel layers can be extended without the need of a higher structure (1-1.5 m). In the 
search for alternatives to overcome the limitations of SSF to treat turbid surface waters 
different studies have been realised to assess the potential of HGF.
At AIT, the Asian Institute of Technology in Thailand, surface water ranging from 20 to 120 
NTU in turbidity was used to test HGF operating at 0.6 mh*1 and working in series with a SSF 
operating at 0.15 mh‘1. The pilot HGF 5-m length consisted of seven cells with gravel sizes 
ranging from 15 mm down to 3.4 mm. The coarse filtered water varied from 10 to 20 NTU, 
and the SSF processing this water developed a headloss of 57 cm after 55 days of 
continuous operation (Thanh and Ouano, 1977, quoted by Wegelin, 1989). Then, in a field 
experience reported by Thanh (1978, quoted by Shulz and Okun, 1992), a full scale HGF 
incorporated six gravel zones in a filter box with a cross section of 2x1 m and a filter length of 
6 m (figure 2.20). The unit was designed to treat 0.9 Is'1 (3.2 m3h'1), at a filtration rate of 1.6 
m h1. Turbidity removal efficiencies of 60 to 70% were reported with raw water values ranging 
from 30 to 100 NTU. Hydraulic cleaning facilities are not reported in this experience. Besides, 
the final coarse gravel cell, after the finest gravel pack, seems to be unreasonable under the 
current filtration theory revised in sections 2.5.1 and 2.8.2, and particularly to the gravel 
fraction packing criteria illustrated in figure 2.15.
During the first half of the 1980s extensive filtration tests were conducted in Switzerland 
(Wegelin et al, 1986; Wegelin et al, 1991; Boiler, 1993) using short filter cells and 
suspensions of kaolin clay (K-clay). The studies indicated fraction removal efficiencies per 
cm of flow length (A.) of 0.003 to 0.04 cm'1, for filter grain sizes in the range of 15-25 to 1.5-2
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mm, and up to a filter deposit (a) of about 10 gl*1, as illustrated in figure 2.15A. Based on this 
type of study, a filtration model was developed and used as a design tool for the evaluation 
of different filter layouts, as illustrated in figure 2.15B. The possibility of filter cleaning by fast 
drainage at 60 to 90 mh'1 was also observed during the filtration tests. Field tests were 
carried out in Tanzania with one unit built on site (Cross section 1.6x1.0 m, filter length 10 m) 
and PVC models of 250-mm diameter. The use of HGF contributed to improving the capacity 
of SSF to treat turbid surface water sources at three different sites. Filter loads (a) of 35 to 50 
gl'1 were recorded, confirming the high silt storage capacity of HGF (Wegelin and Mbwette,
1989).
Figure 2.20 Horizontal gravel filter used ahead of SSF in Jedee-Thong, Thailand (Thanh, 1978)
Full scale demonstrations of HGF were carried out in several countries in the 1980s, 
including China, Peru, and Sudan. In China, one plant of 2.8 Is'1 (10 m3h'1) has two lines, 
each consisting of a tilted plate settling tank, a HGF, and SSF unit. During the evaluation 
period raw water turbidities were in the range of 20 to 190 NTU; the HGF units operated at a 
filtration rate of 1.7 mh'1, and were cleaned by drainage every 40 days. After 5 months of 
operation, head loss in the SSF units were about 0.3 m (Wegelin et al, 1991). In Sudan, one 
plant, built as part as the Blue Nile Health Project, included an HGF 4.4 m length with three 
gravel fractions: 2.7 m with gravel of 50 to 25 mm; 0.85 m with 20 to 15mm, and 0.85 m with 
10 to 5 mm. The HGF treating 0.06 Is'1 (0.21 m3h 1), and operating at a filtration rate of 0.30 
mh'1, reduced the water turbidity from the range of 40 to 400 NTU, to the range of 5 to 50 
NTU. The E. coli counts were reduced from levels > 300 CFU, to levels <25 CFU (Basit and 
Brown, 1986, quoted by Wegelin, 1996).
Three HGF systems were built in the highlands of Peru during the 1980s (Pardon, 1989; 
Pardon and Lloyd, 1994). Some aspects of the communities, HGF units, and their 
performance results are summarised in table 2.9. Interestingly, in this experience the levels 
of suspended solids in the water sources were much lower than expected, and the HGF units 
seems to be over designed with respect to this parameter. Possibly, the combination of 
DyGF with HGF would have allowed a shorter option for the coarse filtration units. However, 
at least for the community of Cocharcas, with a water source with high levels of faecal 
contamination, this experience constitutes a valuable example of the application of the 
multistage water treatment concept, and the multiple barrier strategy, in the management of 
acute risk reduction in small WS systems.
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Table 2.9 Data about three experiences with HGF in Peru (adapted from Parddn, 1989)
Parameters Communities
Cocharcas La Cuesta Compin
Communities
Altitude (m) 3,280 1,800 1,370
Temperature (°C ) 12 (0-25) 22 (10-25) 24(10-30)
Population (N0) 624 385 1,500
Design criteria
Turbidity (NTU) 10-500 10-500 10-500
Flow (m3d-1) 103 50.4 180
Filtration rate (mh'1) 0.6 0.5 0.75
Gravel fraction length (m), and (gravel size 3 (38-25); 2 (25-13); 2 (38-25); 1 (25-19); 1 3 (38-25); 2 (25-19); 2
range in mm) and 1 (13-6) (19-13); and 1 (13-6) (19-13); and 1 (13-6)
Turbidity leaving the HGF units (NTU) <10 <10 <10
Filter Cleaning velocity (mh'1) 90-120 90 90
Cleaning water (ms) per m2 of bed 1.3 1.3 1.3
Fast opening gate for cleaning (cm) 35x35 30x30 Two gates of 25 x 30
HGF performance1
Filtration rate (mh' ) 0.3-0.5 0.5-0.9 0.6-0.8
Influent turbidity (NTU); percentile 90%; (range) <25 (5-300); <15 (<5-30) <30 (5-1,200)
Effluent turbidity (NTU); percentile 90%;(range) <5(<5-15) <5 <6 (<5-500)
Influent F. Coii/100 ml; percentile 90%; (range) 26,300 (240-32,100) <360 (28-420) -
Effluent F. Coli/100 ml; percentile 90%; (range) 2,650 (64-3,350) <144(9-160) -
1. The performance data for Cocharcas include two evaluation periods, February-April, 1987 and January-March, 1988.
The water treatment plant for the community of Cocharcas was constructed in 1978 and 
renovated in 1985. The renovated plant consists of a settler, two HGF, two SSF, and a 
terminal disinfection contact tank. The SSF units have outlet valve controls for filtration rates 
in the range of 0.1 to 0.2 mh'1. The plant was evaluated during two periods, February-April 
1987, and January-March, 1988. Higher levels of faecal contamination were observed during 
the first evaluation period, with raw water values in the range of 400 to 60,200 E. coli per 100 
ml, due to inappropriate human activities along the source irrigation channel, including trout 
farming and cattle breeding. The water treatment plant removal efficiency in this period was 
99.9%, and for the individual treatment steps it was 12% (settler), 84% (HGF), and 98% 
(SSF), which is in harmony with the multistage water treatment concept. In spite of these 
good removal efficiencies, the level of faecal contamination in the final effluent was still high, 
making terminal disinfection necessary to produce water adequate for human consumption.
At the end of the year1987, the community had substantially reduced the high sanitary risks 
associated with the source channel. During the second evaluation period the faecal 
contamination in the raw water was between 200 and 400 E. coli per 100 ml. The final 
effluent during the second period was in the range of 2 to 6 E. coli CFU per 100 ml. This 
reduction in E. coli levels in the water source also points out the importance of applying the 
multiple barrier strategy to improve water quality in small WS systems.
Pardon (1989) evaluated the fast drainage, as a cleaning procedure of the HGF units. Initial 
drainage velocities of 78 to 90 mh'1 were reached thanks to the specially designed fast 
opening gates (Annex 1), and the additional storage capacity provided in the design of the 
HGF units. In spite of these high velocities, the cleaning efficiency during the first evaluation 
period in Cocharcas (February-April, 1987) was 40%, lower than the expected value of 60 to
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80%. Only one excavation point in the middle section of each fraction gravel cell was used to 
calculate the retained solids in the HGF units of Cocharcas. After observing the uneven 
distribution of the retained solids in the filter media in the cases of La Cuesta and Compin, 
Pardon (1989) considers that the 40% value could be an overestimation of the cleaning 
efficiency of the HGF of Cocharcas. Due to the large volumes of water involved, the time 
required for the repeated cycles of inundation, drainage, and refilling of the units, together 
with the required additional hydraulic structures, Pardon (1989) does recommend to study 
alternative cleaning procedures involving lower drainage velocities.
It was encouraging to note that Pardon (1989) also observed that the concentration of solids 
in the drainage became higher as long as the solids load increased inside the units. In fact, in 
1987 the first drainage of the first gravel fraction had 1.22 gl'1, and the second 0.18 on a 
subsequent day, and two years later, 5.18 gl'1 first, and 3.22 and 2.89 in the subsequent 
days. All values were referred to filter load equivalents (av). This tendency of increasing 
amount of deposit removal with increasing filters loads may contribute to improve global filter 
runs between the costly and troublesome manual cleaning of the HGF units.
In Ethiopia, a plant designed in 1990 was built to treat 18.7 Is'1 (67.3 m3h'1) of river water with 
an average turbidity of 80 to 120 NTU, and peak values over 2000 NTU (Shenkut, 1996). 
The plant consists of two sedimentation tanks, six HGF, and four SSF. The design filtration 
rate in the HGF units is 2 mh'1. Each HGF unit, without hydraulic cleaning facilities, has a 
total filter bed length of 21 m distributed in four compartments. The first 8m length with gravel 
size in the range of 22-19 mm and the last 3m length with gravel size in the range of 6-4 mm. 
The HGF units served 3-4 years before manual cleaning became necessary. It took one 
month to dig out the filter materials and to replace it. The capital investment in the plant 
serving 50,000 people was 735,000 USD of 1990 (9.4% in settling, 31.4% in HGF, and 
59.2% in SSF). Then the capital investment per Is'1 was 39,300 USD, and per inhabitant was 
14.7 USD while the operation cost is about 600 USD per month. The cost of cleaning the 
HGF was 2,000 USD.
On the basis of bench and pilot scale studies, using mainly K-clay suspensions and short 
filter cells, Wegelin (1986) published his first tentative design guidelines for HGF as 
pretreatment stage of SSF. Later, reporting part of the experience with full-scale units, 
Wegelin and Mbwette (1989) published a revised version of these guidelines (table 2.10).
Table 2.10 Tentative design guidelines for HGF (Wegelin, 1986; Wegelin and Mbwette, 1989)
Parameter
Maximum suspended solids concentration in influent water, Co (mgl*1)
>300 300-100 <100 Parameter >150 <150-100
Filtration rate (mh'1) 
Filter length (m) for 
d0 = 20 mm 
15 mm 
10 mm 
5 mm
0.5
3 -5  
2 -5  
2 -4  
1 -2
0.75 -1
31 
2 -4  
2 -3  
1 - 2
1-1.5
31
2 -3  
2
1
Filtration rate (mh'1) 
Filter length (m) for 
d0 = 25-15 mm 
15-10 mm 
10-5 mm
0.5-0.75
3 -5
2 -4
1-3
0.75-1.5
3 -4
2 -3
1 -2
Suspended solids in 
the effluent, Ce (mgl'1) 5 2 -3 2
Suspended solids in 
the effluent, Ce (mgl'1) <5
References (Wegelin, 1986) (Wegelin and Mbwette, 1989)
1. This gravel fraction can possibly be omitted
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Some points of discussion about HGF during the 1990s. At the beginning or during the 
present research work discussions have existed about some aspects of HGF. They include 
the criterion of using maximum turbidities or suspended solids values to design the units, the 
filter medium length; the cleaning procedures of the units; the provision for head losses; and 
the hydraulic behaviour of the units versus their removal efficiencies.
In the Andean Region the highland rivers tend to present rather low average levels of solids 
concentration and only during short periods of the hydrological cycles these values are high. 
Consequently, alternative criteria to the maximum concentration values should be explored 
to design shorter and even more economically competitive HGF units. These criteria may 
include the use of the DyGF technology to deal with the sharp peaks of solids or to reduce 
the filtration rate during periods of heavy rainfalls in the catchment areas.
The filter length is a critical dimension in designing HGF, since an appropriate balance is 
necessary between capital investment and running cost. Filter length affects filter efficiency 
and silt storage capacity. It seems that the initial approach was mainly oriented to ensure 
high silt storage and produced too large filtering beds. Even in countries with low cost of 
labour, shorter filter lengths seem more reasonable if the cleaning of the units can be 
accomplished in a more efficient way, and as long as the required coarse filter efficiency is 
not compromised. Therefore, during the 1990s it became pertinent and relevant to explore, 
under local conditions, the possibility to extend the tendency showed in the later version of 
the tentative design guidelines (table 2.10).
Standard design practice has allowed for 30 cm of gravel above the effluent flow weir level to 
take into account headlosses along the filter run. Based on his observations with full-scale 
plants in Peru (HGF units operating at <1 mh*1, and filter lengths <6 m), Pardon (1989) 
advises to reduce this value to 10 cm allowing savings in filtration material and structures.
According to the basic theory of hydraulic behaviour of reactors (Hudson, 1981; Galvis and 
Perez, 1985), several reactors hydraulically independent in series, with a total volume V, 
presents a closer behaviour to plug flow than one reactor with the same volume V but all 
included in just one compartment. This suggests the possibility of improving the hydraulic 
behaviour and the removal efficiencies of the conventional HGF units by dividing its main 
compartment into smaller units operating in series.
Finally, most of the reviewed references have concentrated on the role of coarse filtration on 
removing suspended solids or turbidity and few of them include also indicators of faecal 
contamination. Besides to these parameters it seems to be relevant and pertinent to evaluate 
this technology with respect to other parameters such as natural organic matter.
2.8.5 Downflow gravel filters in series (DGFS)
Antecedents. Early last century, Williams (1828, quoted by Baker, 1981) suggested that 
water taken from the Thames River above London might be passed downward through a 
succession of filters, "until sufficiently pure to enter the pipes". Triple filtration (1.3 m of 
broken stones in the 1st step, 0.9 m of gravel in the 2nd, and 0.5 m of coarse sand in the 3rd)
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in series was begun in 1848 by a company supplying a suburb of Glasgow, Scotland (Baker, 
1981). A. Puech initially, and later with his engineer and successor, H. Chabal, developed 
the Puech-Chabal system of filtration (figure 2.21). In this system the raw water first passes 
through a set of three or more basins with coarse-graded gravel, which varies in size from 25 
mm in the first basin to smaller sizes in each succeeding basin. Filtration rate also decreases 
from basin to basin (Ellms, 1928). The first of these systems was completed in 1899 to treat 
a part of the water supply of Paris. This plant had initially three coarse media filters (CMF) of 
gravel and a final conventional SSF. The plant was located at Ivry on the Seine River and 
treated 231 Is'1 (833 m3h'1) of water from a settling reservoir. By 1935 the capacity became 
3.47 m3s'1 (12,500 m3h"1), the reservoir had been converted into coarse filters, and "prefilters" 
had been inserted ahead of SSF. Air-and -water wash had been provided for all the filtration 
units but for the SSF (Baker, 1981). By 1935 around 125 of this type of plants had been built 
in France. They were also built in other European countries, including England, Italy, and 
Spain. Gradually the Puech-Chabal system became a succession of decreasingly rapid filters 
followed by SSF (Baker, 1981).
Figure 2.21 Puech-Chabal system of filtration (adapted from Ellms, 1928; and Baker, 1981)
Downflow gravel filtration and SSF. The current application of DGFS in combination with 
SSF is similar to the Puech-Chabal filtration system as initially applied in Paris. More 
recently, DGFS systems usually consist also of three compartments hydraulically 
independent and working in series (figure 2.10), all with the same filtration rate (around 0.3 
to 1.2 mh'1). Due to structural and cleaning limitations, DGF has relatively small filter bed 
length per compartment, usually <1.5 m, and the total height of each filter box is 
normally <2.0 m, including storage capacity for hydraulic cleaning. Compared to conventional 
HGF units, DGF units provide low silt storage capacity and hence require frequent hydraulic 
cleaning of the filter medium.
Pilot studies were implemented in Lima, Peru (Perez et al, 1985; Lloyd et al, 1986; Pardon, 
1989) with three DGF units, each 0.15 m diameter, and 0.6 m depth of gravel. The gravel 
was 20 to 40 mm in the 1st, 10-20 mm in the 2nd, and 5 to 10 mm in the 3rd. The source water 
was the Rimac River. During the experimental period the raw water had temperatures in the 
range of 18 to 22 °C and turbidities in the range of 28 to 300 NTU, with a mean value of 53 
NTU. For influent turbidities >50 NTU, a mixture of raw river water, riverbed silt deposits, and 
material from the sedimentation units of the "La Atarjea" water treatment plant was used. The 
pilot DGF units were tested at different raw water turbidity ranges (<50; 100-200; 250-350;
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and 600-800 NTU) and different filtration rates (0.1, 0.2, 0.4, and 0.8 mh'1). Each 
range/filtration rate experiment ran for a week so the whole experiment ran for 16 weeks. 
The filters were cleaned every week. The results (figure 2.22) show that for turbidities about 
50 NTU the removal efficiencies were about 55% for the lowest rate (0.1 mh'1) and 45% for 
the highest (0.8 mh'1). With turbidities around 200 to 300 NTU the efficiencies were around 
90% for the lowest rate and 70% for the highest. Unexpectedly, the efficiencies became 
lower for the turbidities around 700 NTU. This was explained by the destabilisation of filter 
deposits due to the heavy loads of suspended material in the influent water (Pardbn, 1989; 
Wolters et al, 1989). Based on these experiments, and aiming for a coarse filtered effluent 
<20 NTU, considered adequate for SSF, Pardon (1989) derived a limiting influent turbidity of 
200 NTU for DGF systems operating at 0.30 mh*1.
In f luen t  Turb idi ty  (NTU)
Figure 2.22 Turbidity removal efficiencies in a DGF system operating at different filtration rates 
(Parddn, 1989)
Based on the experience with pilot units in Lima, a plant was built to serve 600 people in the 
community of Azpitia, Peru (Perez et al, 1985; Lloyd et al, 1986; Pardon, 1989). Azpitia is at 
an altitude of 170 metres above sea level. The plant consists of a settler with 2 h detention 
time and operating at 0.6 mh'1, a DGF system at 0.3 mh'1, and 4 SSF protected with filter 
fabrics and working in parallel at 0.25 mh'1. The DGF system consists of three 0.57 m-deep 
units in series with gravel of 40-25 mm in the 1st unit, 25-12 mm in the 2nd, and 12-6 mm in 
the 3rd. During the period January-May 1985, the temperature and the alkalinity of the raw 
water were about 20 °C, and 80 mgl'1 of CaC03 respectively. The turbidity removal 
efficiencies of the DFG system during the period January-March 1996 are summarised in 
table 2.11. The treatment plant of Azpitia showed an overall faecal coliform removal 
efficiency of 97%, with 9% in the settler, 70% in the DGF system, and 90% in the SSF.
Table 2.11 Turbidity removal efficiencies of the DGF system of Azpitia, Peru (Pardbn, 1989)
Influent Turbidity (NTU) Average Removal Efficiency (%) Effluent Turbidity (NTU)
20-100 63 7 -3 7
100-300 79 21-63
>300 92 >24
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In spite that headloss development and water quality deterioration were not detected, two 
cleaning operations by fast drainage were conducted in the period March-April 1985. Design 
drainage velocities of about 60 to 90 mh'1 were reached by using a specially designed fast 
opening gate of 400 cm2 (annex 1) connected to an underdrain in the bottom of each gravel 
bed. However, the best solids removal efficiency obtained was 21%. Then, Pardbn (1989) 
considers that scour velocity alone may be not sufficient for an efficient removal of deposited 
solids. However, by 1989 the DGF system of Azpitia had completed 5 years of continuous 
operation with this regularly performed hydraulic cleaning procedure.
Using up and downflow short filter ceils (60 cm) run in parallel and loaded with K-clay solids, 
Collins et al (1994) found that drainage velocity was the main variable in determining solids 
removal by drainage. In general, the highest removal rates (82 to 98%) were observed in 
cells drained at 50 mh"1. Drainage velocities of 10 and 30 mh'1 provided average removals of 
64 and 67% respectively.
Collins et al (1994) also made hydraulic cleaning studies in a pilot DGF column of 20-cm 
diameter after 90 days of continuous operation with a mixture of natural water and K-clay 
suspension. The column was packed with 90 cm of gravel average size of 7.94 mm on top, 
30 cm of gravel of 5.55 mm in the middie, and 30 cm of gravel of 2.68 mm. The column was 
predrained three times (one bed volume each time at 24.5, 16, and 13 mh'1 respectively), 
allowed to dry during 28 days, then predrained twice, and flushed at 10 mh'1 for five bed 
volumes, and then at 20 mh'1 for another five bed volumes. Overall cleaning efficiency was 
only 6.4%. The configuration should have contributed to this low cleaning efficiency, since 
the filter was constructed of three media ranging coarse to fine but in one column. During 
flushing, solids removed from the coarser fraction were collected at the top of the finer 
adjacent fraction hindering overall solids removal (Collins et al, 1994). In a typical DGF 
system each main gravel fraction composes a separate filter bed.
2.8.6 Upflow gravel filters in layers (UGFL) and series (UGFS)
Antecedents. The apparatus developed for J. Peacock (section 2.1.1) for water filtration, 
with upflow to clarify the water and reverse flow to clean the filter medium, is one of the first 
documented antecedents of an UGFL. During the 1800s upflow filters, some as special types 
of upflow SSF, were built in England, France, Scotland and the USA (Baker, 1981). Upflow 
rapid filters (URF) have been used extensively in Russia for clarification of water with low 
levels of turbidity and organic matter (Azevedo, 1987). URF was introduced in Brazil during 
the 1960s, and Colombia during the 1970s. These experiences with URF contributed to 
stimulate the initial studies of the author on upflow coarse filtration in combination with SSF 
at the Cinara Institute of the Universidad del Valle in Colombia.
Upflow Gravel filtration and SSF. Pilot and full scale studies with UGFL and UGFS were 
developed in Colombia, during the 1980s (Visscher and Galvis, 1987; Galvis and Visscher, 
1987). Pilot studies with UGFL were later developed in Brazil (Di Bernardo et al, 1988; Di 
Bernardo, 1993). During the 1990s the studies continued at Cinara (Galvis et al, 1993; 
Wegelin et al, 1997; Galvis et al, 1998). Based on the experience with UGFL in Colombia,
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the HGF units of Aesch (see table 2.8) were replaced by UGFL because the UGFL (1 m 
length) showed higher performance in solids removal and hydraulic cleaning (Wegelin et al, 
1991; Wegelin, 1996). The experience in Colombia also stimulated the construction of UGFS 
prototypes in Pakistan (Latorre and Manzoor, 1995 and 1996) and Saint Lucia (Eudovique, 
1992), as well as the beginning of pilot studies with UGFS in Brazil (Di Bernardo et al, 1999).
Upflow Gravel filtration (UGF) systems consist of one or more units. In systems of one unit 
(UGFL), the gravel is placed in layers of different grain sizes ranging from coarse at the 
bottom to fine at the surface (Figures 2.10 and 2.23). In systems in series (UGFS), each 
module is filled mainly with a gravel size, starting with coarse grains in the first and fine in the 
last (Figure 2.10).
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Figure 2.23 Layout of upflow gravel filter in layers (UGFL).
The height of the filter unit depends on the height of the gravel bed, the height of the 
support material, the level of supernatant water, the height of additional water to improve 
hydraulic washing, and the freeboard. The total heights of the UGF units are usually <2.0-m. 
Preliminary design criteria for UGF are summarised in table 2.12. An increase in the filter bed 
depth enlarges both the silt storage capacity and the removal efficiencies of the units. 
However, too long filter bed depths can render hydraulic cleaning more difficult, although 
UGF seems to have the advantage that it favours the accumulation of solids at the bottom of 
the filter where the drainage system is situated
Table 2.12 Preliminary design criteria for upflow gravel filtration (Based on Galvis et al, 1989; 
Wolters et al, 1989; Galvis et al, 1993)
Parameter UGFL UGFS1l2l,
Filtration rate (mh'1)
Main gravel size fractions per compartment:
Length (m) and (gravel Size in mm)
Underdrain supporting gravel layer 
Height of supernatant water (m)
Static head available for hydraulic cleaning (m) 
Initial fast drainage velocity for cleaning (mh'1) 
Filter bed area per unit (m2)
0.3-1.0 
One compartment 
0.20-0.30 m (25-19 mm) 
0.20-0.30 m (19-13 mm) 
0.20-0.30 m (13-6 mm) 
0.15-0.30 m (25-35 mm) 
0.20 
>2.5 
>10 
<20
0.3-1.0 
Three compartments 
0.60-1.0 m (25-19 mm) 
0.60-1.0 m (19-13 mm) 
0.60-1.0 m (13-6 mm) 
0.15-0.30 m (25-35 mm) 
0.20 
>2.5 
>10 
<20
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Flow direction reduces interference due to temperature or density differences. This, together 
with the possibility of having units in series, should contribute to improve the hydraulic 
behaviour of the vertical flow coarse filtration systems (DGF and UGF) resulting in a more 
homogeneous retention time and thus a better treatment process (Hudson, 1981; Galvis and 
Perez., 1985).
UGFS pilot units operating at 0.7 mh'1 and processing source water turbidities under 100 
NTU produced effluent turbidities below 20 NTU. Removal efficiencies between 50 and 70% 
were reported for raw water turbidities above 100 NTU. Apparent colour removal efficiency 
ranged from 50 to 80%, and faecal coliform removals were around 90%. An UGFL prototype 
was built in El Retiro, Cali, Colombia. In this prototype turbidity removal averaged 52% on a 
relatively low turbidity source, resulting in effluent turbidities < 5 NTU for 90% of samples 
taken. Faecal coliform reduction was 89%, total iron was 62%, and true colour was 45% 
(Galvis et al, 1989; Wolters et al, 1989).
Collins et al (1994) made hydraulic cleaning studies in a pilot UGFL column of 15-cm 
diameter after 90 days of continuous operation with a mixture of natural water and K-clay 
suspension. The column was packed with 60 cm of gravel average size of 2.68 mm on top 
and 60 cm of gravel of 5.55 mm at the bottom. The column was 1st predrained once (one bed 
volume at 37.4 mh'1), 2nd flushed at 10 mh'1 for six bed volumes, and 3rd flushed at 25 mh'1 
for another five bed volumes. Overall stored solids removal efficiency was 32% in this three 
steps cleaning procedure, 7% in the 1st step, 25% in the 2nd, and 7% in the 3rd. In all the 
steps, a decrease in cleaning efficiency over time was noted, despite the amount of solids 
still retained in the filter. Collins et al (1994) considered that a change in flow rate will induce 
different flow dynamics through the media (degree of turbulence, rerouting) and will continue 
to dislodge deposits until new flow channels are formed. This consideration would support 
the current CMF cleaning practice promoted by Cinara in Colombia. This is based on quite 
low initial flushing velocities (<20 mh'1) but executed with abrupt velocity changes created by 
successive closures of a fast opening valve (Galvis and Visscher, 1987; Wolters et al, 1989).
Discussions about some features of vertical flow CMF alternatives during the 1990s.
During the 1990s discussions have existed about some features of vertical flow CMF 
alternatives. They include the filter medium length and the cleaning procedures of the units; 
the capacity to deal with abrupt water quality changes; the convenience of having a 
supernatant on each filter unit; and the provision of a freeboard for head losses 
accumulation.
Due to structural constraints and hydraulic cleaning limitations, the filter length is a critical 
dimension in designing vertical flow CMF systems. If the maximum values of filter bed depth 
that can be acceptably cleaned by fast drainage were around 1-m, then total filter bed depth 
should be around 3m in three units in series. Since filter length affects filter efficiency and silt 
storage capacity, it seems that vertical flow CMF alternatives have to be limited to deal only 
with low to moderate levels of solids in the source water. However, as long as efficiency 
requirements are fulfilled, hydraulic cleaning efficiency may contribute to overcome this 
limitation, as it seems to be the case of Azpitia in Peru after 5 years of continuous operation,
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in spite of the low removal efficiencies initially found by Pardon (1989). Besides, hydraulic 
cleaning with moderate flushing velocities, together with quick changes of the flush flow 
pattern (Galvis et al, 1989; Collins et al, 1994) need to be studied as an option to reduce the 
frequency of manual cleaning or the practice of high initial flushing velocities (Pardon, 1989; 
Wegelin, 1996).
Due to their relative short filter bed length, the vertical flow CMF systems are expected to 
have lower silt storage capacity than HGF to deal with abrupt water quality changes. As far 
as suspended solids is concerned, it is expected that the innovative combination of this 
treatment step with DyGF may contribute in overcoming this limitation, in a practical 
application of the multistage and integrated water treatment concepts.
To overcome possible problems with algae, Galvis et al (1989), Di Bernardo (1993), and 
Wegelin (1996) have recommended covering the upper filtering medium layer with an 
additional coarse gravel layer to avoid solar radiation on the supernatant. However, this 
additional layer could limit maintenance if some type of surface cleaning procedure is 
required to remove settled or strained material at this level.
Significant headlosses have been reported after several pilot plant studies (e.g. Perez et al, 
1985; Collins et al, 1994). However, Pardon (1989) did not observe significant headlosses in 
the DGF system of Azpitia. Then if it this happens in other prototypes, the head available 
above the top gravel layer would be determined mainly by water storage requirements to 
ensure an appropriate hydraulic cleaning procedure, and not by headloss development along 
the filter run.
2.9 An Innovative Multistage Filtration Water Treatment Approach
The Andean Cauca Valley (ACV) is representative of the high surface water use in the WS 
systems in Colombia, other valleys in the Andean Region, and possibly of other mountainous 
areas around the tropics. Two main types of rivers, highland and lowland rivers can be 
distinguished in the Cauca Valley.
The highland rivers receive water from relatively small catchment areas, many of which are 
facing erosion problems. As a result, the water shows low to moderate levels of turbidity but 
high turbidity peaks during the rainy periods. Water in these rivers also shows a wide range 
of microbial contamination because of inappropriate management of human and animal 
wastes. The lowland rivers receive water from both the highland rivers and untreated sewage 
from small and large settlements. Thus, the water in lowland rivers has usually higher levels 
of microbiological contamination, and moderate to high levels of turbidity, still with some 
abrupt changes during the rainy periods. Figure 2.24 summarises intensive monitoring of 
three Andean rivers made during the development of the present research work. One of 
them, the Cauca River, is a lowland river. The curves in Figure 2.24 illustrate the levels of 
contamination observed in surface waters in the Andean region and the abrupt water quality 
changes that may occur even in larger lowland rivers during the rainy periods.
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Figure 2.24 Water quality changes in three rivers of the Andean Cauca Valley, Colombia.
1990. A. Turbidity levels. B. Faecal coliform levels. C. Hourly changes in the 
Cauca River at Puerto Mallarino, Cali, March 26, 27 and 28 of 1990.
In the process of adapting the SSF technology to the conditions of the Cauca Valley during 
the 1980s, it became clear that this technology alone (section 2.6 and tables 2.5 and 2.6) 
could not continuously cope with the raw water quality of most of the rivers in the region. In
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order to overcome the water quality limitations of the SSF, the author and his working group 
at the Cinara institute of the Universidad del Valle, in collaboration with community based 
organisations and national and international institutions, gradually began to develop an 
innovative multistage filtration (MSF) technology (figure 2.25). In this technology, one stage 
of CMF (DyGF) or two stages of CMF (DyGF and CGF) precede SSF to enhance its 
efficiency without compromising its operational simplicity.
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Figure 2.25 General layout of a multistage filtration water treatment plant
There are several options for the MSF technology based on the possible combinations of 
alternatives for the different treatment stages. These combinations need to be properly 
specified to fulfil established water quality guidelines and treatment objectives, including 
those related to the basic parameters for community water supply reviewed in section 2.3 
and summarised in table 2.3. However, in harmony with the multiple barriers strategy 
(section 1.2), here it is good to reiterate that selecting and protecting the best available water 
source is far more economical and effective than allowing the catchment areas to deteriorate 
and then having to rely on the more complex and costly options of the MSF technology.
If the raw surface water frequently transport large or heavy particles it should be initially 
screened or settled before the multistage filtration plant. DyGF should be the 1st CMF stage 
because of the abrupt changes in suspended solids or turbidity in most Andean rivers. In 
well-protected surface water sources the 2nd CMF stage could be omitted. However, if 
necessary a selection should be made among the several options already reviewed from the 
literature (sections 2.8.4, 2.8.5, and 2.8.6), depending on the level of contamination of the 
water source and the O&M requirements of this 2nd treatment stage. SSF should be the final 
filtration stage. In harmony with the basic concepts of water treatment (section 1.2) these 
filtration stages should be selected and integrated in such a way that they progressively 
remove the contaminants from the raw water and consistently produce treated water with low 
sanitary risk. Ideally, terminal chemical disinfection with a fairly constant low-dose should be 
sufficient to form an efficient and reliable final safety barrier.
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Unit processes or water treatment plant efficiencies are meaningless without reference to the 
quality of the raw and treated water. For this reason WHO (1993) provides not only water 
quality guideline values but also includes an example of performance efficiencies and 
treatment objectives for a multistage plant for small WS systems (table 2.15) based on some 
results of the present research work and other demonstration projects (Lloyd et al, 1991). 
This multistage plant consists of screening, plain sedimentation, CMF, SSF, and disinfection.
Table 2.15 An example of performance objectives for removal of turbidity and faecal coliform 
bacteria in medium and small scale treatment plants (Lloyd et al, 1991; WHO, 1993)
Stage and process
Turbidity Thermotolerant coliform bacteria
Removal1
(%)
Average
loading
(NTU)
Maximum
loading
(NTU)
Removal1
(%)
Average 
loading 
(Per 100 ml)
Maximum 
loading 
(Per 100 ml)
Screening NA' NA NA NA NA NA
Plain Sedimentation 50 60 600 50 1,000 10,000
Coarse (Gravel) filters3 80 30 300 90 500 5,000
Slow Sand Filter >90 6 60 95 50 500
Disinfection NA <1 <5 >99.9 <3 25
Distributed Water NA <1 <5 NA <1 <1
1 Required performance
2 NA, not applicable. Process not designed to remove turbidity and/or bacteria
3 Three stages of coarse gravel filtration
2.10 Relevance and Pertinence of the Present Research Work
The potential of the CMF technology as pretreatment step of the SSF technology is well 
established as indicated by the results of the research and development work implemented 
during the last few decades. It has been considered relevant and pertinent to develop the 
present research work to contribute to the understanding of the MSF technology and to make 
better use of the basic water treatment concepts (section 1.2) in identifying, selecting and 
promoting its best combinations of treatment stages. These combinations can be similar to 
the sequence of processes given in the example summarised in table 2.15, but covering 
more specific CMF alternatives, different levels of contamination, and other basic water 
quality parameters. However, to select and combine in proper way CMF stages with SSF, 
more relevant and systematic information is needed.
In some of the reviewed studies the CMF units are not working in series with SSF units and 
are focussed on the removal of solids modelled with clay suspensions (e.g. Wegelin, 1986; 
Lebcir, 1992; Boiler, 1993). They have been useful to improve the understanding of the CMF 
processes but may have limited practical application with waters with low to moderate levels 
of solids and natural organic matter and high levels of microbial contamination. Besides, 
most of the published data with natural turbid waters corresponds to short periods of 
monitoring, without clear reference to the hydrological cycles of the water sources. This study 
includes medium and long-term work with CMF units working in series with SSF units and 
processing natural waters with different type and levels of contamination.
Most of the studies with CMF units treating turbid waters have been performed with bench 
scale or pilot units with narrow (15 to 20 cm) and sometimes short filtering cells (60 cm), 
which may be irrelevant with respect to the hydraulic behaviour or the O&M requirements of
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full-scale units. In this research, narrow filtering cells are used for preliminary or short-term 
work and bigger pilot or full-scale units are used for medium to long-term studies.
Practically, all the reviewed work on CMF of natural waters is concentrated on suspended 
solids or turbidity and some on coliform removals. There is little consideration of other 
parameters such as iron, manganese or natural organic matter, which can be relevant to the 
behaviour of the SSF (table 2.6), the acceptability of the treated water by the community 
(sections 2.2 and 2.3; table 2.3), or the terminal disinfection reliability. This study includes 
work on suspended solids, turbidity and faecal coliform removal, together with considerations 
on other parameters relevant to the behaviour and application of the MSF technology.
The appropriate development and transfer of the MSF treatment plants has been limited by 
the lack of side-by-side comparisons of the CMF stages of this technolgy for specific 
contaminant removal. "These on-site studies greatly reduce confounding influences induced 
by raw water quality variations and will make treatment technology comparisons more 
meaningful and equitable" (Collins, 1999). In fact, the limited amount of data with polluted 
natural surface waters together with the differences in raw water sources, design and O&M 
procedures makes it difficult to make comparative analyses of the different MSF options. This 
study includes work that allows comparative analysis of the DyGF (section 2.8.3) as the 1st 
filtration stage under different operating conditions and the CMF alternatives (sections 2.8.4, 
2.8.5, and 2.8.6) as the 2nd filtration stage under similar design, operation and maintenance 
conditions and working in series with SSF. The results obtained will contribute to the 
understanding of the CMF technology and to identify the best combinations of CMF 
alternatives with SSF for different raw water quality ranges.
The experience at bench and pilot scale is essential to obtain frequent and reliable data. 
However, it needs to be verified or complemented with observations on full-scale projects, 
which are built and maintained under representative conditions of the context in which the 
technology is being applied or transferred. This study includes long term monitoring of 
projects operated by local caretakers with low levels of schooling, under the supervision of 
community based organisations with some technical and managerial support.
Finally, a few studies include some cost considerations on specific application of CMF 
alternatives but they do not allow comparative analysis. The present study includes cost 
considerations about construction, and O&M of the MSF technology to facilitate capital and 
running cost estimates, which should contribute to the selection of the more sustainable 
solutions under local conditions.
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2.11 Research Objectives, Approach and Hypotheses
The overall objective of the present research work is:
• To contribute to the understanding and development of multistage filtration (MSF), as an 
innovative, robust and efficient water treatment technology for small to medium size water supply 
systems and to develops a treatment technology which is able to deal with surface water sources 
characterised by wide-ranging levels of contamination and abrupt water quality changes.
The specific objectives of the present research work are:
• To identify the levels of contamination associated with representative rivers in the Andean Cauca 
Valley (ACV) with respect to physicochemical and microbiological guidelines included the basic 
parameters presented in table 2.3.
• To evaluate the removal efficiencies of different CMF alternatives under different operating 
conditions and working in series with SSF with respect to basic drinking water quality parameters.
• To make comparative analysis of different combinations of CMF alternatives working in series with 
SSF with respect to removal efficiencies and O&M requirements.
• To contribute to solve or clarify some of the points of discussion about design, operation or 
maintenance of the CMF alternatives summarised at the end of sections 2.8.3, 2.8.4, and 2.8.6.
• To develop selection criteria for the best options of the MSF technology based on performance 
objectives and some considerations on capital and operating costs in the ACV.
The overall approach of the present research work includes:
• Short term tests on bench scale pilot units treating water from high and lowland rivers of the ACV.
• Medium term tests on pilot scale units treating water from a lowland river of the ACV
• Long term monitoring of full-scale plants treating water from highland rivers of the ACV.
• The gradual construction of a learning environment between local caretakers, community-based 
organisations, national and international advisors, and staff of the Cinara Institute of the 
Universidad del Valle, to gain experience from each other throghout the research and 
development process.
The general hypotheses behind the present research work were:
• Depending on ranges of pollution level in the raw water sources there are better options of the 
MSF technology to produce water that meets water quality criteria for basic physicochemical and 
microbiological parameters, without recourse to chemical coagulants.
• Basic treatment objectives of <5, ideally less than <1 NTU, and <25, ideally <3 thermotolerant 
"faecal" coliform count/100 ml, may be met by the application of the appropriate combination of 
filtration stages, contributing to establish terminal disinfection as a final safety barrier in the 
treatment of polluted surface waters.
• Each filtration stage in the MSF technology has intrinsic strength and weaknesses, but overall, 
there are integrated series of unit processes able to produce water of uniform quality within 
established basic physicochemical and microbiological guidelines or standards.
• The O&M requirements of the best options of the MSF technology are under the management, 
and financial possibilities of the great majority of community-based organisations and institutions 
of the water sector in the ACV and possibly of the Andean Region and other mountainous areas 
around the tropics.
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3 MULTISTAGE FILTRATION STUDIES WITH PILOT SCALE SYSTEMS
3.1 Materials and Methods
3.1.1 Study area
The research activities with pilot unit systems were developed in Cali, the capital city of the 
Cauca Valley Department, which includes a major part of the Andean Cauca Valley. This 
department is located in the west part of Colombia, as illustrated in figure 3.1. The mean 
width of the flat area of the valley is 30 km in the south and 10 km in the north. This flat area 
is located between the western and central chain of mountains of Colombia, at 900 to 1100 
m above the sea level. The mean temperature in this area is 24 °C with changes in the range 
of 10 to 38°C. Two rainy periods can be distinguished in the Cauca Valley (April-May and 
October-November), discharging almost 70% of the annual precipitation, and two dry periods 
(January-February and July-August). The average annual precipitation is 1000 mm in the flat 
area of the valley and 1800 mm in the hillsides (figure 3.2). The average monthly humidity is 
usually in the range 70 to 75%, in spite of the rainfall variation throughout the year (Alzate- 
Castario, 1994; CVC, 1998).
Figure 3.1 Location of the Cauca Valley Department in Colombia, South America.
V e n e z u e l a
B r a z i l
E c u a d o r
P e r u
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The Cauca River, the main river in the valley, has a length of 1,200 kilometres and drains an 
area of 60,000 square kilometres, 3,600 of which are located above a dam called Salvajina. 
Cali is located approximately 143 kilometres below the dam, along the river watercourse. 
Forests only cover a small area of the mountains because of high slopes or deforestation. 
Between Salvajina and Cali the Cauca River receives discharges of untreated wastewater 
from different towns and drainage of agricultural fields. The dam, made to increase base flow 
of the river in passing by Cali from 40 m3s'1 to 130 m3s'1 (average flow is 278 m3s'1), thus 
reducing the impact of contamination during dry periods. The impact of the dam, however, is 
less during the rainy season because several rivers discharge into the Cauca River below 
the dam thus contributing significantly to its overall discharge and water quality.
Figure 3.2 Mean precipitation curves in the Cauca Valley Region
3.1.2 Preliminary studies with MSF pilot units
An experimental system with bench scale pilot units was built in Cali in 1986 to establish the 
potential of coarse gravel filtration (CGF) to overcome water quality limitations of slow sand 
filtration (SSF) with a highly polluted river in a tropical and Andean environment. The system 
was fed by gravity with Cauca River water taken from the inlet structure of the main 
treatment plant of the city, built in a place called Puerto Mallarino. The experimental system 
comprised three multistage filtration (MSF) parallel lines; each made up of CGF and SSF 
units working in series. The CGF stage included downflow gravel filtration in series (DGFS), 
and upflow gravel filtration in layers (UGFL) and series (UGFS). The filtration rates were set 
at 0.7 mh'1 and 0.15 mh'1 at the CGF and SSF stages respectively. The line with DGFS is 
illustrated in figure 3.3. Similar gravel beds to those shown in figure 3.3 were used in the 
case of UGFS, and three layers of gravel with a total depth of 0.6 m were placed in a column
□  Flat (Cauca River Valley) Area
Period 1964 -  1980 
n  Pacific Zone Cachment Area
□  West and Central Chains of mountains
Mean Precipitation Curves (m m /year)
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in the case of UGFL. Initially, it was planned to control and to monitor the pilot units twice a 
week. However, due to flow interruptions related to limited instrumentation facilities, small 
diameters of connecting pipes between the experimental units, and low control frequency, it 
became necessary to establish a daily control of the experimental system. Finally, during the 
dry period July-September 1986, it was possible to obtain some reliable data.
Note: Gravel filtration columns did not observe the 50:1 criterion, which suggests that the column diameter 
should be greater than 50 times the largest grain (collector) size. This is to ensure that the number or 
volume of boundary pores is small in comparison with the number or volume or pores in the mass of the 
filter bed. However, after dissolving PVC, coarse sand grains were fixed to the internal sides of the PVC 
columns to reduce these wall effects.
Figure 3.3 Pilot scale system for DGFS line working in series with an SSF unit at Puerto 
Mallarino. 1986
Cumulative distributions of turbidity and apparent colour in raw water and CGF and SSF 
effluents are summarised in figure 3.4. They show that close to 90% of turbidity data were 
less than 80 NTU for raw water, 15 NTU for the effluents of UGFS and DGFS units, and 30 
NTU for the effluent of UGFL. Faecal coliform removals by the experimental lines were in the 
range of 96% to 99.9%. However, the levels of CFU were still too high in the SSF effluents, 
in the range 49 to 94 CFU/100 ml for the line with UGFL, 220 to 540 for the line with UGFS 
and 110 to 170 for the line with DGFS. The impact of fast drainage on the 1st modules of the 
UGFS and DGFS pilot units is illustrated in figure 3.5. Based on these and previous results, 
the following preliminary conclusions were drawn (Galvis et al, 1989).
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Figure 3.4 Cumulative frequencies (%) distributions for turbidity and apparent colour in 
raw water and CGF and SSF effluents. Dry period, July-September 1986.
Figure 3.5 Effluent turbidity changes during fast drainage of first modules of DGFS and 
UGFS. August 22 1986.
• Bigger and better-instrumented MSF pilot systems were considered to be necessary to improve 
operational conditions and to obtain more reliable data.
• Vertical flow gravel filtration alternatives showed potential to reduce turbidity and to improve the 
possibilities of successfully applying SSF in a tropical Andean environment.
• In spite of the limitations of apparent colour measurements, a surrogate parameter for natural 
organic matter (NOM), it seemed possible that CGF options could contribute to reduce the 
formation of oxidation by-products after terminal chemical disinfection.
• Even during the dry period reported in the preliminary study, the observed removal efficiencies in 
ail the gravel filtration alternatives were not enough to overcome the water quality limitations of 
SSF. Therefore, lower filtration rates, longer gravel beds, and smaller gravel sizes at the end of 
the filter beds were considered necessary to improve CGF removal efficiencies.
• Dynamic gravel filtration (DyGF) should be included as a first CGF stage in other experimental 
pilot studies to improve the observed MSF performance.
• Fast drainage showed a good potential for periodically cleaning the CGF units. A greater amount 
of turbidity (solids) was removed from the 1st module of UGFS than from DGFS. Longer-term 
observations were considered necessary to more clearly define this potential.
To continue these studies on MSF and to develop other Research and Development (R&D)
activities with MSF and other water treatment technologies, Cinara gradually established a
working station with the support of the Universidad del Valle (UV) and other national and
international agencies.
3.1.3 The research and Technology Transfer Station at Puerto Mallarino
MCALI, Puerto Mallarino 
inara R&TT S ta t io t fN  IL>< F s J j V  V  y  I  
7 1 -—v x  v >ZA j y  -A. J
Universidad del Valle, Melc! 
Cinara, R&D In st itu te  head 
R iveT '-'-v
Figure 3.6 Location in Cali of Cinara s headquarters at the main campus of Universidad del 
Valle (1) and research station at Puerto Mallarino, EMCALI (2).
Studies with pilot scale systems for the present research work were carried out at the Cinara 
institute's Research and Technology Transfer (R&TT) Station for drinking water. The station 
operates under an agreement between the Municipal Company for public services of Cali, 
EMCALI, and UV-Cinara. The station is located at the Northeast of Cali (figure 3.6) and was
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built in the premises of the main water treatment plant of EMCALI, in Puerto Mallarino 
(photos 3.1 and 3.2). The station includes pilot units for coarse gravel filtration, slow sand 
and rapid filtration research and training activities, and laboratories for physicochemical and 
microbiological analysis (Figure 3.7).
Photo 3.1 Location of the research and technology transfer station for drinking water in 
the premises of the main water treatment plant of EMCALI at Puerto Mallarino.
Photo 3.2 Cinara's research and technology transfer station for drinking water at Puerto 
Mallarino, EMCALI, Cali, Colombia.
74
M a i n  e n t r a n c e
Figure 3.7 Plan view of Cinara's research and technology transfer station for drinking 
water at Puerto Mallarino, EMCALI, Cali, Colombia.
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The first phase of the station, including MSF pilot systems, physicochemical laboratory, and 
some office facilities, was commissioned in 1989. The second phase was commissioned in 
1991 including microbiological laboratory, documentation unit, some teaching facilities, and 
working areas for research or technical attachments of students or professionals from other 
universities or water sector institutions. The third phase was commissioned in 1997 including 
infrastructure for studies on rapid filtration, which is still being developed. The fourth and final 
phase is still to be built.
3.1.4 Multistage filtration pilot system
Cauca River water is pumped from a lateral intake to the inlet structure of the water 
treatment plant of EMCALI built in Puerto Mallarino. From this inlet structure, raw water is 
taken by gravity as the influent of the MSF pilot system tested in this study. The MSF pilot 
system comprised three main filtration treatment stages through which water flows by gravity. 
The 1st stage consisted of three DyGF units working in parallel and processing raw water 
from a constant head feeder tank. The 2nd stage consisted of five lines of CGF working in 
parallel and processing integrated water (the mixed effluent from the three dynamic filters) 
previously conditioned by the DyGF units. Each CGF line includes a slow sand filter as the 
3rd stage. This is outlined in figure 3.8.
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Figure 3.8 Schematic flow diagram of the multistage filtration (MSF) pilot system.
3.1.5 Research phases and periods
During part of 1990 the MSF pilot systems were tested and adjusted, the main computerised 
database for this research work was designed, and the research team was gradually 
established. The tests covered by the present research work started in 1991 and because of 
the expected variations in the raw water quality from the Cauca River, close to six months 
test periods were planned, to include the impact of dry and rainy weather in each run.
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The present research work was divided in two main phases. The 1st phase was focussed on 
studying the behaviour of the different CGF alternatives independently and in series with 
SSF units working with different filtration velocities. Operation and monitoring of the CGF 
alternatives was planned to allow comparative analyses between them. The 1st phase 
covered four research periods; each one characterised mainly by the same filtration rates in 
all CGF alternatives included as the 2nd stage of treatment in the MSF pilot system. The 
tested velocities in these treatment stage were 0.3 mh'1 for Period I (January - July, 1991); 
0.45 mh'1 for Period II (July, 1991 - January, 1992); 0.6 mh'1 for Period III (January - July, 
1992); and 0.75 mh'1 for Period IV (July, 1992 - April, 1993). Based on the experience with 
the 1st phase, additional specific studies were developed during the 2nd phase to contribute to 
the understanding and to improve the selection and design criteria of the MSF alternatives.
The following section presents information about the MSF pilot system as used during the 1st 
phase. After presenting and discussing the results of this phase, information about the 
studies developed during the 2nd phase is included.
Design criteria and filtration velocities of the MSF system. 1991-1993. DyGF units were 
built in brickwork. DyGF units A and B are 0.70 m high and 0.80 m wide, and 3.10 m long 
including the inlet and outlet structures. DyGF-C is 0.70 m high, 0.50 m wide, and 2.10 m 
long including the inlet and outlet structures. All the units were packed with a stratified bed of 
three layers of gravel, the finest at the top and the coarsest at the bottom. All the units had a 
perforated PVC pipe at the bottom to collect the filtered water during the filtration runs or the 
drainage water during hydraulic cleaning procedures, (see photo 3.3)
The 2nd treatment stage comprised five lines of CGF. Both UGFS (upflow gravel filtration in 
series) and DGFS (downflow gravel filtration in series) had three vertical flow steps which 
were hydraulically independent. UGFL (upflow gravel filtration in layers) had one upflow step. 
Two types of HGF (horizontal flow gravel filtration) were included, each with three 
hydraulically dependent compartments, divided by perforated walls to facilitate flow 
distribution and to prevent gravel intermixing. One of the HGF lines was built to the design 
criteria proposed by Wegelin (1986). The other HGF line was modified (MHGF) to include a 
drainage system to facilitate periodic hydraulic cleaning, and comprised shorter gravel 
compartments to bring the theoretical hydraulic time within the same range as the UGFS and 
DGFS lines, thus making these systems comparable, (see photo 3.4)
All the steps in the UGFS, UGFL, DGFS lines and the SSF units were made of ferro-cement 
and were circular in shape with 2 m diameter and 2 m height. HGF was built in brickwork 
1.55 m high, 1.30 m wide, and 8.14 m long, including the inlet and outlet structure. MHGF 
had the same dimensions as the HGF but 5.40 m length. Table 3.1 summarises data for the 
whole MSF pilot system including filter surface areas, gravel bed depths, gravel sizes, and 
filtration rates to be changed during the testing periods. Filtration rates for the DyGF units 
correspond to the planned values at the beginning of each filtration run, before they start to 
decline due to the gradual or fast clogging of the gravel media.
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Photo 3.3 DyGF pilot units working in parallel. The points 01 and 05 are the constant head 
tanks for raw water and integrated water respectively. Flow channels with V- 
shaped weirs are shown between the DyGF units.
Photo 3.4 UGFS, UGFL, MHGF, HGF, and DGFS CGF lines (from left to the right). Each 
CGF line works in series with an SSF unit (at the end of the lines).
This CGF line was not used in the present study.
78
Ta
ble
 
3.1
. 
De
sig
n 
pa
ra
m
et
er
s,
 g
ra
ve
l 
an
d 
sa
nd
 
be
d 
sp
ec
ifi
ca
tio
ns
, 
an
d 
dr
ain
ag
e 
fa
cil
iti
es
 
of 
the
 
MS
F 
pil
ot
 s
ys
te
m
. 
Pu
er
to 
M
al
la
rin
o,
 1
99
1 
-1
99
3.
<0 T-
4)>
ISoo
Etoc>>a
(0Li.
8
tou.
8
V)u.Oa
o
o
X
Li.o
X
o
Xs
<D X 
S
u.OX
O
3
tOli-CS
3
(0
Li.o3
tOLi.o
3
O
m
o'<0w■C
o
E(0£o
E
I5=
IO)c0
<
1  5a. o
3 *7 
•___
§
&
I
5 X
= I -  £aJ o>> O) ci. i i
SSJjS 
<o *  •
8 8 t- o
to csc S
i t  
£ «
0 3
§ I
« E0 E= i
8
§
s i x
T— Ncr> 9 94- T-
9 9 9x- CMT- CN T“
T- «N
9 9 9r-
9 9 9
5 to a
U. >
e
\y w
tfls
— = £ -O2 o £ >•- to C 13 to O £
TO 5 C T>
£ > TO 5 = 
«  8 o>E 8
*0,22,2 2 (0 t-L-KI-
.2
t_r <L> — U_
2 ?  E O
8 * 1 5c 5 8 
S « to
|  ® 1 a ~ T3 —
Sfe S ™T5 O £  «= £ X  o 
TO to m — £  2 5 =  Ol-WS
o>
79
Operation and maintenance criteria. All the DyGF units were planned to filter around 40 to 
80% of the influent flow at the beginning of each filter run. DyGF runs were initially 
programmed to last 8 days (d) until July 1992, then 5 d until March 1992 and finally 3 d until 
April 1993. However, run lengths were shortened when water production in this 1st filtration 
water treatment stage was insufficient to ensure the established filtration velocities in CGF 
lines included in the 2nd stage. The DyGF units were cleaned by surface raking combined 
with sequential drainage of the units to stimulate flow pattern changes inside the clogged 
filter media. During the raking procedure the surface flowing velocity over the filter was kept 
beiow 0.2 ms'1 to avoid hydraulic transportation of the finer gravel layer.
Filter run lengths of CGF units (2nd stage of treatment) were planned to last 30 days. 
However, the filter runs were shortened when head losses were close to 0.5 m in the 1st 
filtration steps in the case of vertical flow alternatives or 0.15 m in the case of HGF and 
MHGF options. All these units, except HGF, were cleaned by fast drainage. In the case of 
the vertical flow CGF units, this drainage was complemented with upflow to waste and 
movements of the surface gravel with a shovel. Excavation and manual cleaning procedures 
of the filter media was the only option to recover filtration capacity of the "conventional" HGF 
line. The SSF run lengths were determined by the 0.8 m of hydraulic energy available in 
each SSF unit. Table 3.2 summarises maintenance criteria and cleaning procedures for the 
MSF stages.
Flow control, The influents to the DyGF units and CGF lines were measured with 30° 
V-shaped weirs that were calibrated volumetrically. The effluents from the DyGF units and 
the influents to the SSF units were measured volumetrically. These flow measurement points 
are identified in figure 3.8. Because declining flow values was taking place at the 1st 
treatment stage and filtration rates were higher in CGF lines than in SSF units, overflow 
facilities were provided after DyGF units and CGF lines. Flow control points and frequencies 
are summarised in table 3.3.
Hydraulic headlosses. Piezometers were located along the filtration beds for head 
measurements and to quantify head losses between different points (See figure 3.9). They 
included piezometer taps to facilitate samples collection wherever necessary.
3.1.6 Sampling and frequency.
Sampling points are identified in figure 3.8. Samples were collected from the raw (01) and 
integrated (05) water constant head tanks, and at the end of each filtration unit. Sampling 
frequencies planned for periods I (January- July 1991), and il (July 1991-January 1992) are 
summarised in table 3.3. These frequencies had some changes in the following periods (III 
and IV) according to the parameter fluctuation, behaviour of the MSF system, and time and 
cost limitations. Footnotes in table 3.3 summarise these frequency changes. The sampling 
points 3.1, 3.2, 4.1, and 4.2 in the "conventional" HGF and MHGF lines were eliminated after 
period I due to difficulties in obtaining representative samples of the flow across the units.
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Figure 3.9. Piezometer distributions along vertical flow CGF units of MSF pilot system.
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Table 3.2 Maintenance criteria and cleaning procedures of MSF stages. 1991-1993.
Units Criteria Cleaning Procedures
DyGF Partial cleaning cycle. 
Frequent cleaning to recover 
filtration capacity of DyGF 
units.
Every 8 days (until July 1991; 
Every 5 days (until March 
1992), and Every 3 days (until 
April 1993). Higher frequency 
if it is necessary to recover 
filtration capacity.
Total cleaning cycle (TCC).
Occasionally, when flow- 
filtering capacity can not be 
recovered with the previous 
procedure.
Clean the inlet and outlet boxes.
Rake the top gravel layer: Close the filtered water outlet. Move or rake the 
surface layer of gravel in opposite direction to the flow, starting near the inlet 
and finishing at the overflow weir. Move the gravel until the wash water is 
visually similar to the raw water.
Drain the filter bed: sequential opening and closures of drainage plug or 
valve (several times) and drainage of the filter bed until reaching effluent 
turbidities similar to those in raw water or until recovering initial flow filtering 
capacity.
Remove and wash the gravel bed: Close the filtered water outlet and the 
water inlet. Remove the gravel layers taking care not to mix them. Wash 
them separately. Sieve the gravel fractions if they became mixed. Wash the 
pipe-work, floor and walls of the unit. Install the layers of gravel in the same 
order and thickness as they were initially packed. Open the water inlet and 
carry out a normal cleaning procedure.
CGF Partial cleaning cycle (PCC).
Frequent (every 30 days) 
cleaning to recover filtration 
capacity of CGF steps. Higher 
frequency if it is necessary to 
recover filtration capacity.
Total cleaning cycle (TCC).
Occasionally, when filtering 
capacity can not be recovered.
Clean the inlet and outlet boxes.
Clean the top gravel layer: Close the outlet valve. Move the surface gravel 
with a metal shovel, upflow filtration to waste until the wash water turbidity 
becomes similar to the influent water. Not applicable for HGF and MHGF.
Drain the filter bed: sequential fast openings of drainage valve (5 to 8 
times). Continuous drainage of the filter bed until reaching effluent turbidities 
similar to those in integrated water or until recovering initial flow filtering 
capacity. Open the water inlet to fill the filter and repeat the procedure if 
necessary.
Remove and wash the gravel bed: Complete removal and washing of the 
gravel bed (similar to the procedure described for DyGF units).
SSF Partial cleaning cycle (PCC).
Maximum headloss (0.80 m)
Note: Total-cleaning cycles 
(resanding) were not planned 
during test periods.
Scrape the SSF skin: Drain the supernatant water with the overflow weir, 
also called “goose neck" device (Annex 1). Drain the top 5 to 10 cm of the 
sand filter bed by opening the drainage valve. Scrape the top 2 to 3 cm of the 
sand filter bed. Remove the scraped dirty sand. Level out the sand surface 
and fill the SSF unit from the bottom. Increase gradually the influent flow until 
reaching the normal operational velocity.
High sampling frequencies were adopted for those parameters more relevant to the acute 
sanitary risks, such as thermotolerant (faecal) conforms and turbidity or to the maintenance 
of the filtration units, such as suspended solids and head losses. A high frequency was also 
adopted in the case of colour, as a surrogate parameter of natural organic matter (NOM), 
due to its significance in establishing terminal chemical disinfection and the acceptance of 
the treated water by the consumers. Samples for colour were complemented with some 
samples for chemical oxygen demand (COD) and volatile solids. Low frequency was adopted 
for some parameters, such as iron and manganese, because of their stability. Samples were 
also collected for dissolved oxygen as an important factor for biological activity. Alkalinity and 
hardness were also monitored with a low frequency to verify the absence of precipitation in 
the filter media.
Sampling was carried out using labelled containers. Plastic cylinders of 1,000 ml were used 
to collect samples for the majority of physicochemical parameters. Winkler bottles of 300 ml
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were used to collect samples for DO analysis and plastic cylinders of 250 ml were used for 
iron and manganese. Sterilised bottles of 250 ml were used for bacteriological analysis.
Table 3.3 Sampling points and frequency at the MSF pilot system. 1991-1993
Parameter
Sampling Point
01 02
03
04
05 1.1
3.1
4.1
5.1
1.2
3.2
4.2
5.2
1.3 
2.1
3.3
4.3
5.3
1.4 
2.2
3.4
4.4
5.4
Turbidity (NTU) 3d 3d 3d 3d 3d 3d 3d
Colour (PCU) (1) 2w 2w 2w 2w 2w 2w 2w
Faecal coliforms (CFU/100 ml) 2w 2w 2w 2w 2w 2w 2w
Temperature (°C) 4d
pH (Units) f f f f
Total iron (mgl'1) m m m m m m m
Total manganese (mgl'1) m m m m m m m
Total solids (mgl'1) m m m m m m m
Suspended solids (mgl'1) (2) 2w 2w 2w 2w(4) 2w(4) 2w 2w
Volatile solids (mgl'1) m m m m m m m
Filterability (ml.3min'1) (3) f f f
Dissolved oxygen (mgf1) f f f f
Total hardness (mgl'1 Ca C03) m m m m
Total alkalinity (mgl'1 Ca CO3) m m m m
Chemical oxygen demand (mgl'1) m m m m m m
Headloss (cm) 4w 4w 4w 4w 4w
Flow (Is'1) d d d d(5) d
d= daily; w= weekly; f= fortnightly; m= monthly (3) Only in period I
(1) It was reduced to 3f in periods III and IV (4) It was reduced to 3f in period III in points 1.2 and 5.2
(2) It was reduced to 3f in period IV (5) Only in point 2.1
3.1.7 Analytical methods.
Samples obtained throughout the MSF pilot studies were analysed using methods typical of 
water treatment systems, as outlined in table 3.4. The analytical techniques used conformed 
to established procedures as defined by Standard Methods (APHA et al, 1989) unless noted 
otherwise. Specific considerations about some of the analytical methods follow.
Turbidity (NTU) measurements were performed with a HACH® Model 2100 A (Hach 
Company., Loveland, Colo.). Calibration was performed according to the manufacture's 
specification on three turbidity standards made from three formazin primary turbidity 
standards (100, 10 y 1 NTU) at 3-month interval. Secondary standards were used to check 
calibration prior to every set of measurements. Direct turbidity measurements were 
performed on samples with turbidity readings <100 NTU. Samples with turbidity readings 
>100 NTU were diluted to readings <100 NTU by the following procedure. Sample dilution 
was achieved by dilutions with turbidity-free water until values <100 were obtained. The 
turbidity was then determined by multiplying the measured turbidity by the dilution factor.
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Table 3.4 Analytical water treatment methods and references
Parameter Standard Methods (APHA et al, 1989) Equipment and other references
Turbidity (NTU) Part 2,130 B Hach turbidimeter
Colour (PCU) Shimadzu. Spectroph. UV-120-01, 455nm (Annex 3)
Suspended solids (mgl'1) Part 2,540 D (Annex 3)
Filterability test (ml.3min'1) Wegelin, 1986
Total solids (mgl'1) Part 2,540 B
Volatile solids (mgl'1) Part 2,540 G
Temperature (°C) Part 2,550 A Hediger, Basel (-10°C - 100°C)
Silt test (%) Lloyd, 1974.
pH (Units) Part 4,500 A WTW 522
Total alkalinity (mgl'1 CaCOa) Part 2,320 B
Total hardness (mgl'1 CaCOa) Part 2,340 C
Dissolved oxygen (mgl*1) Part 4,500 C Microprocessor Oximeter OXI 537 WTW
Chemical oxygen demand (mgl'1) Part 5,220 B
Total iron (mgl'1) Part 3,500 Fe D Shimadzu spectrophotometer UV-120-01, 510nm
Total manganese (mgl'1) Part 3,500 Mn D Shimadzu spectrophotometer UV-120-01, 525nm
Faecal coliforms (CFU/100 ml) Part 9,222
Colour measurements were performed with a Shimadzu® model UV-120-01 (Shimadzu 
Corporation. Tokyo, Japan) operating at 455-nm, providing a light path of 1cm or 10 cm 
based on adaptation of the procedure specified, section 2120B of the Standard Methods 
(APHA et al, 1989). Calibration curves were obtained with platinum-cobalt standards in the 
ranges 0-10 and 0-100 PCU, prepared from a standard solution of 500 PCU. Collected 
samples were centrifuged at 3000 rpm for 15 min., before taking absorbance readings. 
These readings were used to estimate colour measurements using calibration curves as 
shown in Annex 3. Samples with colour readings >100 PCU were diluted with distilled water 
to readings <100 PCU.
Suspended solids (SS) analysis was performed according to section 2540 D in Standard 
Methods (APHA et al, 1989) and reported as mgl'1. Glass-fiberfilter Whatman grade 934 AH 
with 1.2 pm pore size was used for solids separation. The residue retained on the filter was 
dried to a constant weight at 103° to 105°C. Samples with low turbidity requires the filtration 
of large water samples with this method. To overcome this limitation, SS concentration was 
estimated by using photometry measurements of samples with turbidity readings <20 NTU, 
following the procedure recommended by Krawezyk and Gonglewski (1959). To validate this 
procedure several large water samples (in the range of 750 to 3,000 ml) from the 2nd 
treatment stage of the MSF pilot system were analysed following the standard method. Each 
sample was analysed three times and the mean weight per sample was obtained. A 
calibration curve was plotted based on these mean values and absorbance readings of the 
same samples with the Shimadzu® spectrophotometer model UV-120-01, providing a light 
path of 10 cm at 810-nm (Annex 3). Then several new samples were analysed with both 
techniques and the results obtained were statistically the same, with a significance of 5%, as 
summarised in annex 3.
As a complement to the SS analysis, filterability tests were performed during the 1st 
research period, following the procedure published by Wegelin (1986). Samples of 500 ml
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were poured into a funnel using filter No. 595 Schleicher and Schul filter paper with 5-pm 
pore size. The filtered water volume was measured after 3 minutes of filtration.
Faecal coliform analysis was performed following the membrane filter technique using 
Gelman sciences sterilised membrane filters with 0.45 pm pore size and lauryl sulphate 
broth. The incubation period was 16 ± 2 h at 44.5 ± 0.2°C (APHA et al., 1989; Del Agua, 
1989). Duplicate tests were performed from each sample and depending on the stage of 
treatment, the following sample volumes were used: 1 and 0.1 ml for raw water and effluents 
from DyGF units, 60 and 10 ml for effluents from CGF lines, and 100 ml for SSF effluents. 
Results are reported as colony forming units (CFU) per 100 ml of sample.
The amount of sludge or silt stored in the SSF beds was estimated by performing silt tests. 
Sand samples were collected from the SSF units to perform this test. Around 50 ml of sand 
and 200 ml of water were poured into a transparent cylinder of 250 ml. The mixture was then 
agitated for 2 minutes. The suspension of water, sand and sludge was then allowed to settle 
during 24 h. The result is presented as the % of the volume of silt on top of the sand divided 
by the volume of sand. According to Lloyd (1974), washed sand should report silt test results 
of 1-2%, scraped SSF skin 20%, and filter sand that needs to be replaced >12%.
3.1.8 Data management
An information system was designed consisting of coded sampling points (as identified in 
figure 3.8), labelled sampling containers, sampling or data collection formats, and a data 
base. This system was fully implemented for the physicochemical and bacteriological data, 
and partially for data related to hydraulic measurements, and O&M procedures.
Database. A computerised database was initially programmed in Symphony, version 1.1, but 
later, during the writing of this thesis, it was adapted to excel 97 of Microsoft Office, under 
Windows 95. Database includes the possibility of file combinations to gather a set of cross­
related data in tables, figures or reports. A simplified version of the database is shown in 
figure 3.10.
Figure 3.10 Simplified scheme of database for water treatment studies with MSF pilot 
system at Cinara's Research station in Puerto Mallarino, Cali, Colombia.
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Data analysis. Data were analysed to obtain descriptive statistics and to investigate some 
statistical inferences aimed at comparing treatment stages working in parallel in the MSF 
pilot system. Statistics such as mean and median were used to describe central tendencies, 
and standard deviation, minimum and maximum values to describe dispersion. These 
statistics as well as frequency distributions are presented in tables and graphs.
Statistical inference allows inductive processes for setting confidence bands or testing 
hypotheses based on sets of data (samples) produced during the experimental work. In 
these processes probability theory is used to estimate the significance of differences in the 
observed values as caused by treatment levels included in the experiments. To include the 
impact of raw water quality changes between sampling sections (blocks), the randomized 
block design was the statistical model used to describe the experimental work and to make 
comparative analyses in the present study (Finney, 1968; Vargas, 1991). The model includes 
the expressions, treatments and blocks, which need to be clarified in the context of the 
present study.
Filtration rate is considered the treatment (xj) in applying the model to the 1st filtration stage 
(DyGF), with 3 levels i. This means i = 3 considering the DyGF units (A, B, and C) running in 
parallel with different filtration rates (figure 3.8 and table 3.1). Coarse gravel filtration (CGF) 
alternatives are considered the treatment (xj) in applying the model to the 2nd filtration stage 
(CGF) with 5 levels of i. This signifies i = 5 taking into account the CGF options (UGFS, 
UGFL, MHGF, HGF, and DGFS) included in this stage and running in parallel with similar 
filtration rates during each test period (figure 3.8 and table 3.1). Each block corresponds to 
each sampling session in which the same parameter is being monitored across all treatment 
levels. Water quality ranges can be used to take into account the raw water quality changes 
during the experimental periods. The statistical model used in this research is represented by 
the equation 3.1
Yy = |ll + xi + pj + sij where (3.1)
Yjj: Observed values in all i-treatment levels with j-observed values.
Overall mean of observed values (Yjj) without distinguishing between treatment levels
Xj.‘ Fixed effect due to i-treatment level. In this study i takes values between 1 and 3 for the DyGF 
(1st filtration stage) and between 1 and 5 for the CGF lines (2nd filtration stage) working in 
series.
Pj! Random effect due to block j, meaning the j-observed values, with j changing from 1 to b, with 
b being the number of observed values for each treatment level.
Sij! Random variation associated with the i-treatment level in the j-block of observed values (the 
experimental error)
The basic assumption (null hypothesis) used to apply this model is that observed values 
during test runs, divided among several groups according to treatment levels and sampling 
sessions, are all from the same population, meaning that there are not significant differences 
between the groups (samples) means. In the context of this study the null (H0) and the 
alternate (Ha) hypotheses are as follows.
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Ho: Treatment levels working in parallel in the MSF pilot system do not present statistically
significant differences in the mean removal efficiencies. This means that t 1= t2=T3, in the case 
of filtration rates in DyGF stage, and Ti=t2=T3=T4=T5, in the case of the CGF lines or the SSF 
units working in series with the CGF lines.
Ha: Ti ^  Tk, for any i * k
The process to accept or reject the null hypothesis (H0), with an established level of 
significance, involves the F-Test, after the British statistician, Sir Ronald A. Fisher, who 
developed the method called analysis of variance (ANOVA) on which the F-test rests (Fisher, 
1947, quoted by Mesa, 1999; Rowntree, 1981).
ANOVA allows knowing if the observed values divided in three or more groups might all 
belong to the same population, regardless of group, or whether the observations in at least 
one of the groups seem to come from a different population. The answer is obtained by 
comparing the variability of the values within groups with the variability of the values between 
groups. If the null hypothesis is false (and there is a real difference in population means), the 
between groups estimate of variance should be larger than the within groups estimate, if the 
variance ratio or F-ratio -  dividing the between groups estimate by the within group estimate 
-  is greater than 1 it is necessary to check if the difference is large enough to be confident 
that it is attributable not simply to random, sampling variation. In other words, it is necessary 
to check if the difference between the groups is a reliable one that could be repeated in 
similar tests. To do this the calculated F-ratio is checked against the F-distribution, which is a 
family of curves varying according to the size and the number of groups being compared, in 
general, the smaller or the fewer the groups from the experimental work, the bigger must the 
calculated F-ratio be in order to obtain significance (Rowntree, 1981).
To apply ANOVA technique with the statistical model represented by equation 3.1 the total 
variance in the experiment is distributed among the variance due to treatment levels 
{between), blocks {between), and experimental error {within). This is represented by equation 
3.2. Table 3.5 is prepared with the results obtained after applying this equation. Annex 4 
includes an example of F-test application.
Sum of squares (SS) total = SS Treatment + SS Blocks + SS Error 
2  2£ (y« -y )2 = b £ ( y - y ) 2 + t £ ( y j - y ) + £  X / y s - y - y i  + y) (3.2)
j=1 i=1 i=1 j=1 j=1 i=1
b ty« £ y «
inwhich y = £  y. = : yi = J=5j—
j=1 j=1 U 1
The F-ratio calculated with the experimental data is identified as Fc in table 3.5. H0 is rejected 
when Fc > F(a> Mt (t-D (b-i)). where F(ot, t- i .  (t - i)(b - i»  is the F distribution with t-1 degrees of freedom 
for the numerator, (t-1)(b-1) degrees of freedom for the denominator and a is the significance 
level of the test.
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1Table 3.5 Analysis of Variance (ANOVA) to the randomised block design
Source of Variation Degrees of 
freedom
Sum of Squares 
(SS)
Mean Square (MS) F (1>» C
T reatment (between) 
Blocks (between) 
Error (within)
t-1
b-1
(t-1)(b-1)
SST reat. 
SSBIocks 
SSE
SSTreat/(t-1) = MSTreat 
SSBIocks/(b-1) = MSBIocks 
SSE/((t-1 )(b-1)) = MSE
MSTreat/MSE
MSBIocks/MSE
Total tb-1 SST
If H0 is rejected other techniques can be used to compare sample means of all possible pairs 
of treatment levels included in each main treatment stage of the MSF pilot system. Tukey 
test will be used if all treatment levels have the same number of observed values and 
Bonferroni methodology if the number of observed values are different (Mendenhall, 1997).
Tukey test is employed to make all possible comparisons of means based on the Minimum 
Significant Difference (MSD) calculated as follows (Reyes, 1980)
MSD = q(a,t.ni)* (MSEb ) (3.3)
In which q(a, t, m) is a critical value of Studentized Range; a is the significance level; t is the 
number of means being compared; n 1 = (t — 1)(b -  1), the degrees of freedom of MSE (Mean 
Square of error)] and b is the data number for each treatment level. The difference between 
each pair of means (D) is calculated as D = Yj -  Yk for i *  k. The decision rules are as 
follows:
If D > MSD, the two means are statistically different ( Yj *  Yk ), otherwise they are not statistically 
different ( Yj = Yk).
Bonferroni test is based on calculating a By value as follows (Mendenhall, 1997)
B'i = t(oi/2)* .(MSE) * ( 1bi+ % k) (3.4)
In which, t(ot,/2) is a critical value of t -Student distribution; a) = a/(p(p-1)/2) being a the 
significance level; p is the number of means to be compared; MSE mean square of within] bj 
and bk the number of data used to calculate the means i and k respectively. The difference 
between each pair of means (D) is calculated as D = Y  -  Yk for i *  k. The decision rules 
are as follows:
If D > By, the two means are statistically different ( Yj *  Y k ), otherwise they are not 
statistically different ( Yj = Y k).
Statistical analyses were accomplished using the commercial software SPSS (Statistical 
Package for the Social Sciences) version. 8.0 for Windows 95 or 98.
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3.2 Results and Specific Discussion
3.2.1 Raw water
Due to the intertropical convergence, there is a tendency to have two dry and two rainy 
periods yearly in the Andean Cauca Valley. The raw water quality is influenced by these 
periods. In fact, during 1990 (figure 3.11) the turbidity values were above the mean (93 NTU) 
during a significant part of the rainy periods. This result is part of the justification for the 
planned research test periods of around six months.
Months
Turbidity  Mean value
Figure 3.11 Daily turbidity means in Cauca River raw water at Puerto Mallarino. 1990
100
Turbidity 1990 1991 -1993 1990 -1996
Mean 93 72 81
Stand. Dev. 117 79 88
Minimum 15 12 12
Maximum 1,800 1,400 3,665
N (Data) 7,194 25,031 57,322
100 Turbidity (NTU) 1000 10000
1990 1991 -1993 1990-1996
Figure 3.12 Statistics and cumulative frequency distributions for raw water turbidity values.
Descriptive statistics and cumulative frequency distributions (figure 3.12) of turbidity data for 
three periods (1990, 1991-1993; 1990-1996) show a similar pattern for this parameter 
through seven years of intensive (hourly) monitoring at Cinara's station. Close to 50% of the 
time the turbidity values were greater than 50 NTU, which is well beyond the treatment 
capacity of SSF technology without working in combination with other treatment stages. 
These high values, together with the abrupt water quality changes observed during the rainy 
periods (as shown in figures 2.24C and 3.11), also make it very difficult to apply compact or
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direct rapid filtration water treatment plants because of their low hydraulic retention times. 
Only those more complex conventional plants having full time skilled operators, real-time 
monitoring and automatic dose control, could properly adjust the intake facilities or the 
treatment stages for such abrupt changes.
A clearer picture of the raw water quality to be treated with the MSF pilot system is shown in 
table 3.6. Faecal coliform levels are beyond the most limits (usually 20,000 CFU per 100 ml) 
recommended for a surface water source used for human consumption, even with chemically 
based water treatment process (EEC, 1975). Based on the water quality limits established for 
water sources used for human consumption, the Brazilian Association for technical 
Standards (ABNT, 1989, quoted by Di Bernardo, 1993) would classify the Cauca River water 
in a special (D) category. This category requires conventional treatment (rapid filtration of 
chemically coagulated water and chemical disinfection) plus complementary treatment 
stages to be determined after specific studies.
Table 3.6 Descriptive statistics for raw water quality parameters at Puerto Mallarino 
during the 1st phase test periods. March 1991-February 1993
Parameters No.(Data) Mean
Standard
Deviation Min Max. 90 Percentile 95 Percentile
Faecal Coliforms (CFU/100ml) 143 63,291 68,059 2,700 500,000 142,200 194,900
Turbidity (NTU) 1,584 64 71 12 900 120 180
Total Solids (mgl'1) 18 172 58 113 355 217 260
Suspended Solids (mgl'1) 145 111 143 11 978 200 403
Volatile Solids (mgl'1) 17 51 13 30 69 66 68
Colour (PCU) 145 57 41 16 250 100 137
Chemical Oxygen Demand (mgl'1) 18 <14.3 7.6 <5 41.8 18 21.6
pH (U) 24 - - 6.6 7.4 7.4 7.4
Total Alkalinity (mgl'1 CaCOa) 19 19.7 6.7 6.7 30.7 27.7 29.3
Total Hardness (mgl'1 CaCOa) 19 32.8 6.1 20.3 45.3 40.8 42.5
Total Iron (mgl'1) 19 5.7 8.9 0.6 41.5 6.6 12.3
Manganese (mgl'1) 17 0.8 0.5 0.2 2.1 1.3 1.6
Dissolved Oxygen (mgl'102) 24 5 1.1 0.7 6.5 5.8 6.2
Temperature (°C) 2,786 24.1 1.2 20 27 25 26
Achieving a microbiological safe water supply for part of the Cali city with this raw water 
source depends on careful treatment control involving pre- and post-chlorination combined 
with conventional treatment, which is not desirable due to the potential for disinfectant 
byproduct formation. Clearly, a better protection of the Cauca river catchment area, in 
harmony with the multiple barriers strategy (section 1.2) should be a better way of protecting 
public health than having to rely on complex and costly water treatment options.
Other physicochemical parameters in table 3.6, such as colour (mainly associated with 
decaying natural organic matter), and iron and manganese (possibly associated with some 
mining activities in the catchment area of the river), are also above the guideline values 
recommended for drinking water (table 2.3). In summary, the MSF pilot system was tested 
under a rather high range of pollution levels in the Andean region, which may be 
advantageous when drawing conclusions about other less polluted water sources.
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3.2.2 Dynamic gravel filtration (DyGF) units
Observed filtration rates and filter runs. During the test period I the initial planned filtration 
rates were in the range 1 to 2 mh'1 in the DyGF units (table 3.1) with a weekly partial 
cleaning frequency (table 3.2), when the CGF lines were operating at low filtration rates (0.3 
mh'1). Gradually, with greater flow requirements in the subsequent treatment stages, higher 
filtration rates and more frequent cleaning procedures became necessary in this 1st filtration 
stage. Table 3.7 presents descriptive statistics based on the observed filtration rates and 
filter runs values in the DyGF units.
Table 3.7 Observed filtration rates and filtration runs at the DyGF units of the MSF pilot 
system. Cinara’s Research Station, Cali, Colombia.
Descriptive statistics
DyGF A DyGF B DyGF C
Run 
length (1) 
(days)
Filtration
rate
(mh'1)
Run 
length <1> 
(days)
Filtration
rate
(mh-’)
Run 
length (1) 
(days)
Filtration
rate
(mh1)
Period I (March 3-July 141991)
Mean 6.1 0.88 5.9 1.32 5.6 1.36
Standard Deviation 1.5 0.15 1.4 0.24 1.6 0.63
Minimum 4 0.02 4 0.49 2 0.01
Maximum (2) 9 1.12 8 1.6 8 2.45
Data (N) 25 153 26 153 28 156
Period I- I I I  (July 151991-July 121992)
Mean 3.69 1.86 3.6 1.44 3.6 2.55
Standard Deviation 0.9 0.24 0.9 0.1 0.9 0.6
Minimum 2 0.22 2 0.45 2 0.23
Maximum (2) 7 3.67 7 1.93 7 3.74
Data (N) 140 493 141 499 140 496
Period IV (July 13 1992-April 19 1993)
Mean 3.02 1.88 3.1 1.70 3.04 2.78
Standard Deviation 0.26 0.21 0.7 0.20 0.3 0.76
Minimum 2 0.7 3 0.11 3 0.62
Maximum ,2) 5 2.77 8 2.49 6 5.74(3)
Data (N) 135 385 126 379 134 392
(1) The last day of a filter run was also considered to be the first day of the following filter run
(2) Some of the maximum values coincide with O&M activities in others DyGF units
(3) DyGF units A and B were having total cleaning procedures and DyGF C was overcharged during one day
(January 23 1993).
Small changes (<8.3%) were observed between the mean filter run lengths in each test 
period in spite of the higher changes (<35.3%) between the mean filtration rates (table 3.7). 
This was due to the pre-programmed cleaning activities of the DyGF units, altered only some 
times for abrupt water quality changes or flow requirements by the subsequent treatment 
stage. The mean filtration rates during each test period will be used in the following sections 
to identify the DyGF units.
Results in table 3.7 also show that mean filtration rates are all above 51% of the maximum 
(initial) filtration rates. Furthermore, these percentages were in the range of 75 to 83 % when 
initial filtration rates were in the range of 1.1 to 2.4 mh'1. Therefore, lower filtration rates (<2.4 
mh'1 in the case of Cauca River water) should produce on average less than 25% overflow 
water (Qe in figure 2.19) during a filter run cycle due to filtration rate’s decline.
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During the 1st test period (March-July 1991) the filterability test in the raw water produced a 
mean filtered water volume of 32 ml with a SD of 17 ml, meanwhile these values were 
increased to 132±83 and 68±53 after DyGF-A (0.9 mh'1) and DyGF-C (1.4 mh'1) respectively. 
These values represent on average an increase of 112 to 312% in filterability as measured 
by the test.
The pH, total alkalinity and total hardness remained practically the same after this 1st 
filtration stage. Dissolved oxygen levels in the effluents of the DyGF units were in the range 
of 3.6 to 5.6 mgl'1 of 0 2, thanks to some aeration taking place after the inlet flow weirs and 
due to the low biological activity that seems to take place at this treatment stage. High mean 
removal values were observed for total Iron (50 to 54%) and manganese (41 to 45%) 
considering the integrated effluent of all DyGF units along the four testing periods. These 
removal values are associated mainly with the filtration of oxidised forms of iron and 
manganese. Low mean removal values were observed for volatile solids (in the range of 6 
to 15%), and colour (11 to 16%), which, together with the higher removal values for iron and 
manganese, suggest that colour may be mainly associated with natural organic matter 
(NOM). The faecal coliform colony forming units (CFU per 100 ml) were removed in the 
range 32 to 73% (0.2 to 0.6 logarithmic units (log units)) meanwhile the chemical oxygen 
demand (COD) was reduced in the range of 31 to 57%. These efficiencies could be 
explained by the CFU and COD being associated with suspended solids (SS), which are 
efficiently removed in this 1st filtration stage. Descriptive statistics for five of the monitored 
parameters are included in table 3.8 and mean removal efficiencies for four of them are 
reported in table 3.9
3.2.2.1. Water quality changes in DyGF units.
Photo 3.5 Professor Lloyd at the inlet side of a DyGF unit during a visit to the MSF pilot 
system at Puerto Mallarino.
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Mean faecal coliform removal efficiencies seem to be higher for the lower filtration rates. The 
statistical significance of these differences will be considered in the following section. At least 
in the case of highly contaminated water, it seems likely that DyGF could contribute to the 
multistage water treatment concept (section 1.2) in reducing acute risks associated with 
drinking water. Further consideration will be given to this possibility when dealing with less 
contaminated water sources in full scale projects.
The highest removal efficiencies in DyGF are for SS (table 3.9). The removal efficiencies are 
higher for the lower filtration rates in each test period. However, there is not a clear 
explanation for the high efficiencies found during periods II and III which presented low mean 
SS concentration in raw water, at least the intermediate partial cleaning run lengths (3.6 
days) during these periods had benefited SS removal during these periods. Another 
possibility that was not tested in this study is that particle size distribution during periods II 
and III had a lower proportion of smaller particles. A similar tendency to that observed for SS 
was also found for mean turbidity removal efficiencies but with lower removal values. These 
lower values could be explained by assuming that the DyGF units remove preferentially 
bigger particles from the raw water with a more major impact in the SS results than in the 
turbidity measurements.
Table 3.8 Descriptive statistics for several parameters in raw water and effluents of DyGF 
units working with different mean filtration rates (1991 -1993).
Statistics
PERIOD I PERIODS II and III PERIOD IV
Raw
water
DyGF Raw
water
DyGF Raw
water
DyGF
0.9 mh'1 1.3 mh'1 1.4 mh'1 1.4 mh'1 1.9 mh'1 2.6 mh'1 1.7 mh'1 1.9 mh'1 2.8 mh'1
Faecal Coliforms (CFU/100ml)
Mean 39,619 18,521 14,683 26,513 56,116 13,796 13,743 20,246 99,788 33,207 32,742 50,434
SD 31,744 32,519 12,534 39,482 56,896 27,172 26,140 289,79 99,076 43,845 44,938 77,706
Min 6,200 800 818 1,300 2,700 850 1,018 1,100 12,091 2,267 3,300 3,667
Max 117,000 158,000 49,000 204,000 300,000 218,000 231,000 240,000 500,000 254,000 270,000 410,000
N (data) 31 31 31 31 84 84 84 84 42 42 42 42
Turbidity (NTU)
Mean 113 63 73 74 56 31 32 34 69 42 42 47
SD 107 61 72 74 55 35 37 40 76 53 53 59
Min 29 16 15 15 17 5.8 6.4 6.0 12 3.7 3.0 4.3
Max 750 400 450 500 500 320 320 360 900 600 650 700
N (data) 311 311 311 311 835 835 835 835 691 691 691 691
Suspended Solids (mgl1)
Mean 197 46 73 85 84 17 21 24 118 50 56 69
SD 192 55 99 123 97 24 34 41 182 101 118 142
Min 53 3.2 4.3 4.3 17 2.2 2.2 2.4 11 1.7 1.7 2.0
Max 978 279 522 625 696 160 214 270 886 432 558 656
N (data) 33 33 33 33 84 84 84 84 42 42 42 42
Colour (PCU)
Mean 75 63 66 65 47 40 41 40 67 58 57 58
SD 54 46 47 47 25 21 20 19 48 44 44 45
Min 24 18 19 18 16 12 13 13 16 13 13 13
Max 230 240 220 220 190 160 140 140 190 184 188 188
N (data) 33 33 33 33 82 82 82 82 42 42 42 42
Total Iron (mgl*1)
Mean 6.00 3.73 3.63 3.37 3.90 1.44 1.65 1.57 3.68 2.03 1.98 2.11
SD 2.65 2.39 1.70 1.90 1.21 0.72 0.80 0.83 2.85 2.58 2.20 2.29
Min 4.00 1.80 2.00 1.40 2.00 0.50 0.80 0.58 0.61 0.30 0.45 0.51
Max 9.00 6.40 5.40 5.20 6.00 2.90 3.40 3.20 10.10 8.70 7.60 7.90
N (data) 3 3 3 3 10 10 10 10 9 9 9 9
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Table 3.9 Mean removal efficiencies of suspended solids, turbidity, colour and faecal 
coliforms in DyGF units with different mean filtration rates. Mar. 1991-Feb. 1993
Sampling point
Suspended Solids Turbidity Colour Faecal Coliforms
Mean
(mgl'1)
Efficiency
(% )
Mean
(NTU)
Efficiency
(% )
Mean
(PCU)
Efficiency
(% )
Mean
(CFU/100
ml)
Efficiency
(% )
Log.
units
Period 1
Raw Water 197.3 113.8 62.3 39,619
DyGF A (Vf =0.9 mh1) 46.4 79.4 62.8 45.3 51.2 15.4 18,521 58.6 0.33
DyGF B (Vf =1.3 mh'1) 72.5 69.7 72.3 37.8 55.6 12.0 14,683 56.0 0.43
DyGF C(Vf =1.4 mh’1) 85.4 66.2 74.3 36.5 51.9 13.3 26,513 31.6 0.17
Period II and III
Raw Water 83.9 55.6 46.5 56,116
DyGF B(Vf =1.4 mh'1) 16.9 81.0 30.6 47.3 40.4 12.4 13,796 69.4 0.61
DyGF A (Vf =1.9 mh’1) 21.0 78.3 32.3 44.7 40.9 11.2 13,743 72.6 0.61
DyGF C (Vf =2.6 mh’1) 23.9 75.9 34.1 41.8 40.4 11.6 20,246 55.1 0.44
Period IV
Raw Water 118.1 68.6 66.7 99,788
DyGF B(Vf =1.7 mh1) 49.9 67.3 42.3 43.7 58.0 14.8 33,207 65.1 0.48
DyGF A (Vf =1.9 mh') 55.8 67.2 42.2 43.4 57.0 16.4 32,742 65.4 0.48
DyGF C (Vf =2.8 mh'1) 69.1 59.0 46.9 37.7 58.5 12.8 50,434 51.9 0.30
3.2.2.2 Comparative analysis of filtration rates in DyGF units.
The ANOVA methodology was used to decided on the following (null) hypothesis (H0): there 
are not significant statistical differences between the mean removal efficiencies of SS, 
turbidity, faecal coliforms, and colour when the DyGF units worked with distinct filtration rates 
(treatment levels). The ANOVA technique and Tukey test applications are included in Annex 
4 for the case of mean removal of SS during test period I. Tables 3.10 and 3.11 summarise 
the comparative analyses made for SS and faecal coliform removals respectively.
The findings in table 3.10 show that mean SS removal efficiencies are affected (with 1% 
significance) by tested filtration rates in DyGF units. In harmony with filtration theory, the 
efficiencies are less when the filtration rates are higher. However, it seems to be that these 
mean filtration rates should differ by at least 0.4 mh'1 to have a significant impact. The 
application of ANOVA and Tukey test with the turbidity data, produced the same results as 
those presented in table 3.10, meaning the rejection of the null hypothesis and the same 
hierarchical output for the tested filtration rates.
According to the findings in table 3.11, tested filtration rates also affect (with 1% significance) 
the mean faecal coliform removal efficiencies in the DyGF units. But in this case, the 
efficiencies are less sensitive to the filtration rates than those observed in the case of SS 
(table 3.10) or turbidity.
In contrast with the previous findings with SS, turbidity, and faecal coliform removals, the 
application of the ANOVA technique shows that the tested filtration rates did not have a 
statistically significant (1%) impact on the mean colour removal efficiencies. Unsurprisingly, 
the DyGF units presented poor colour removal efficiencies for all the tested filtration rates.
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Table 3.10 Comparative analysis of means SS removal efficiencies in DyGF units.
SS (mgl1) in 
raw water 
(mean ± SD)
DyGF units 
(mean 
filtration 
rates,
. mh'1)
Descriptive statistics 
SS removal efficiencies (%) Decision on Ho(a> Based on F-Test 
and ANOVA 
technique (a»1%)
Hierarchical levels 
Based on Tukey 
Test (a=1%)Data(N) Mean
Standard 
deviation (SD)
Period I
197± 192
A (0.9 mh'1) 
B (1.3 mh'1) 
¥_U,4mhJ
33
79.4
69.7
66.2
7.9
11.0
16.0
Ho is rejected
A (0.9 mh'1) (1) 
B (1.3 mh'1) (2) 
C (1.4 mh'1) (2)
Period II -  III
84 ±97
B (1.4 mh'1) 
A (1.9 mh'1) 
C (2.6 mh'1)
84
81.0
78.3
75.9
8.8
10.3
11
Ho is rejected
B (1.4 mh*1) (1) 
A (1.9 mh'1) (2) 
C (2.6 mh'1) (3)
Period IV
118 ± 182
B (1.7 mh'1) 
A (1.9 mh'1) 
C (2.8 mh’1)
42
67.3
67.2
59.0
20.7
16.3
19.6
Ho is rejected
B (1.7 mh'1) (1) 
A (1.9 mh'1) (1) 
C (2.8 mh'1) (2)
(a) Ho: The mean S S  removal efficiencies in DyGF are all statistically the same for all mean filtration rates.
Table 3.11 Comparative analysis of mean faecal coliforms removal efficiencies in DyGF units.
Period I Period II - III Period IV
F. coliforms 
(CFU/100ml) 
in raw water 
(mean ± SD)
DyGF units 
(mean filtration 
rates, mh'1)
Descriptive statistics 
Removal efficiencies (% ) Decision on Ho(a> Based on F-Test 
and ANOVA 
technique (a=1%)
Hierarchical 
levels Based on 
Tukey Test 
(a=1%)
Data
(N) Mean
Standard
deviation
(SD )
Period I
39,619 ± 
31,744
A (0.9 mh'1) 
B (1.3 mh'1) 
C (1.4 mh'1)
31
58.6 
56.0
31.6
36.7
26.6
78.4
Ho is rejected
A (0.9 mh'1) (1)
B (1.3 mh'1) (1)(2) 
C (1.4 m h1) (2)
Period It -  III
56,116 ± 
58,896
B (1.4 mh'1) 
A (1.9 mh'1) 
C (2.6 mh'1)
84
69.4
72.6
55.1
50.4
22.1
43.0
Ho is rejected
B (1.4 mh'1) (1) 
A (1.9 mh'1) (1) 
C (2.6 mh'1) (2)
Period IV
99,788 ± 
99,076
B (1.7 mh'1) 
A (1.9 mh'1) 
C (2.8 mh'1)
42
65.1
65.4
51.9
23.1
21.7
24.7
Ho is rejected
B (1.7 mh'1) (1) 
C (1.9 mh'1) (1) 
A (2.8 mh'1) (2)
(a) Ho: The mean faecal coliforms removal efficiencies in DyGF are all statistically the same for all mean filtration rates.
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3.2.2.3 Hydraulic related aspects of DyGF units
Headloss developments and flow reductions during filtration runs. A filtration run 
between partial cleaning activities (as summarised in table 3.2) was normally determined by 
an O&M timetable and eventually by headloss development or flow reduction beyond 
established limits. Figure 3.13 presents results from the observed filtration runs in DyGF-A 
and -C  during the period April 07 to May 06 1991. DyGF-A, having lower initial filtration 
rates, shows four filtration runs in this period, meanwhile DyGF-C, having higher initial 
filtration rates, shows six filtration runs.
DyGF - A
1 , .J ■„ F n r a r  — ■ -T "' ■■ T U . \ , e s - a .  4 0
0 . 0 0 1  o
95 1 00 1 05 1 1 0 1 1 5 1 20 1 25 1 30
Running Time (days)
DyGF - C
1 40
95 100 105 1 10 1 15 120 125  1 30
Running Time (days)
Filtration runs Turbidity (NTU) initial 
Filtration 
rate (mh'1)
Maximum flow reduction
Number
Running
period
(days)
Raw 
Mean ± SD
Filtered 
Mean ± SD
RQ=Qfmin/Qfmax
m V /m V
(1-Rq)
%
DyGF-A Cross sectional area = 2.0 m2
12 97-104 132 ±90.5 78 ± 55.7 1.0 1.12/2.0 44
13 104-111 101 ±47.8 63 ± 33.8 1.0 0.86/2.0 57
14 111-118 58 ± 9.8 32 ±6 1.0 1.19/2.0 41
15(1) 118-126 165± 143 98 ±95.1 0.9 0.04/1.8 98
DyGF-C: Cross sectional area = 0.75 m2
21 97-99 107 ±64.8 78 ± 54.8 2.0 0.54/1.55 65
22 99-104 141 ± 100 107 ±82.4 2.0 0.36/1.55 77
23 104-111 101 ±47.8 73 ± 37.2 2.0 0.14/1.55 91
24 111-118 58 ± 9.8 32 ± 5.3 1.1 0.25/0.83 70
25(1) 118-119 82 ± 16.5 42 ± 8.2 0.6 0.36 / 0.43 16
26 119-126 181 ± 151 90 ± 72.1 2.1 0.01 /1.58 99
(1) Total cleaning activities at the end of this filtration run.
Figure 3.13. Headloss development and filtered flow reduction during several filter runs in 
DyGF units A and C between April 7 and May 6 1991.
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DyGF-A had flow reductions in the range of 41 to 57 % during the first three filtration runs 
shown, and 98 % during the fourth, in the presence of several turbidity peaks. After this 
fourth filtration run, DyGF-A required total cleaning activities (as summarised in table 3.2). 
This unit required these activities again 65 days later. DyGF-C had flow reductions in the 
range of 65 to 91% during the first four (figure 3.13) filtration runs shown but having 
limitations in recovering headlosses after partial cleaning activities. These limitations became 
clear during the fifth filtration run, lasting only two days and making total cleaning activities 
necessary at the end of this run (this unit required these activities again 71 days later). 
During the sixth filtration run, DyGF-C presented a maximum flow reduction of 99%, at the 
time of several turbidity peaks. At the end of this sixth filtration run partial cleaning activities 
were sufficient to recover filtration capacity of this treatment unit.
Figure 3.14 shows headloss development in the top and lower (intermediate and bottom) 
gravel layers and flow reduction during the sixth filtration run of DyGF-C already included in 
figure 3.13. The headlosses in figure 3.14 correspond to each measured flow; in other words, 
they have not been adjusted to any particular flow value. Then the filtered flow (Qf) reduction 
explains the headloss reduction in the intermediate and bottom (lower) gravel layers during 
the 2nd half of the filter run. The plotted results also show that headlosses in the lower gravel 
layers hardly increase during the 1st half of the filter run when Qf was fairly constant. In 
contrast, headlosses gradually concentrate in the top gravel layer made of filter media in the 
smallest size range of those used to pack the DyGF unit (table 3.1). Therefore, partial- 
cleaning activities with surface raking complemented with bottom drainage, allowed the 
filtration capacity of the DyGF unit to be recovered. These results seem to support the 
stratified gravel bed option in this filtration stage.
Headlosses correspond to each flow measurement. They are not normalised.
Figure 3.14 Headloss development in the top and lower (intermediate and bottom) gravel 
layers in DyGF-C during the filter run covering the period April 29-May 06,1991.
Peaks of SS and DyGF. Reduction of SS and turbidity by the DyGF units as represented by 
mean values is also accompanied by smaller values of their corresponding SD (table 3.8). 
Besides, DyGF units contribute to reduce the impact of the SS and turbidity peaks (maximum 
values) presented in the raw water during the test periods. Results show a major reduction of
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these peaks when filtration rates are lower. Considering their high capacity to reduce SS 
(mean and peak values), it seems that this strength of DyGF units could play a major role in 
the integrated water treatment concept (section 1.2), to protect subseguent treatment stages 
and to improve the overall treatment plant performance. This protection capacity is further 
improved when the filtered effluent of this treatment stage is allowed to decline, particularly 
during an abrupt water quality change, as shown in the following section.
Protection capacity of DyGF units. The “dynamic” operational characteristic of DyGF units 
allows a double protection effect for the subsequent treatment stages. In fact, besides the 
effect due to the removal of contaminants in the gravel bed, there is a 2nd effect due to flow 
reduction through the filter bed. The combination of these two effects constitutes the 
“protection capacity” of the DyGF units. This is illustrated with experimental data from the 
sixth filtration run of DyGF-C included in figure 3.13. During this run, raw water and filtered 
water turbidities were in the ranges of 73 to 600 and 35 to 220 NTU respectively, meanwhile 
the filtered flow declined from 0.44 to 0.0 Is'1, as further illustrated in figure 3.15. The 
following equation is proposed to estimate protection capacity with DyGF units
P = 1 -  (Cf/Cj) Rq (3.5)
In which P is the protection capacity, Cj and Cf are the contaminant concentrations in the 
influent (Qj) and filtered effluent (Qf) respectively, and RQ is the ratio between Qf and the 
filtered effluent at the beginning of the filtration run or maximum filtered flow Qfm.
Running
Day
Turbidity (UNT) Flow P (%)
(1-C,/Ci)*Rqc, c, Qf (m V ) Rq (%)
1 82 40 1.58 100 51.2
2 73 50 1.58 100 31.1
3 105 65 1.51 95.5 40.9
4 277 183 1.44 90.9 39.9
5 75 45 1.15 72.7 56.4
6 163 134 0.11 6.8 94.4
7 600 220 0.02 1.4 99.5
8 300 35 0.01 0.7 99.9
Figure 3.15. Example of protection capacity (P) due to cumulative effect of turbidity and flow 
reduction in DyGF-C. April 29-May 06,1991.
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The experimental data used to produce figure 3.15 show that turbidity reduction in the 
following treatment stages can be as high as 100% in the case of turbidity peaks thanks to 
the turbidity removal in the gravel bed combined with the effect of declining filtered flow. 
Based on data included in figure 3.13 and using equation 3.2, P values at the end of the 
filtration runs (without including the last ones with the highest values of RQ) were in the range 
of 67 to 73% and 57 to 93% for DyGF units A and C respectively.
O&M guidelines for a treatment plant with DyGF units (two being the minimum recommended 
number) should include criteria to deal with this concept of protection capacity, especially 
during the rainy seasons. In the Colombian Andean Region, water supply in small systems is 
usually in the range of 100 to 200 Id'1 per person. In situations like this, the treatment plant 
could work at declining rate for some hours or exceptionally few days without putting at risk 
public health or having social conflicts due to quantity requirements. The potential of this 
technological concept to reduce capital and running costs seems to be high in mountainous 
areas, with small rivers having abrupt changes in SS concentrations. In this situation the flow 
reduction at the DyGF stage, could represent better treatment efficiencies and lower O&M 
requirements in the following bigger and more costly treatment stages. It is important to be 
aware that CGF lines included in the MSF pilot system did not benefit from the declining rate 
filtration effect of DyGF since they were set to work at constant filtration rates in this study.
3.2.2.4 Total cleaning cycle lengths and productivity in DyGF units.
Total cleaning activities summarised in table 3.2 include excavation, washing, and 
repositioning of gravel bed layers. These activities are labour demanding and may play a 
significant role in the acceptance and sustainability of this treatment stage at local level. 
Productivity is understood here as the amount of filtered water produced per m2 of surface 
filtering area through a total cleaning cycle. Table 3.12 presents examples of total cleaning 
cycle lengths and productivity for each testing period and DyGF unit.
Table 3.12 Total cleaning cycle lengths and productivity in DyGF units
Total cleaning cycles Turbidity . _ (NJUJ__
Filtration 
rate (mh'1)
Run lengths 
(days)
Total cycle 
productivity
Dates Length(days) Mean ± SD Mean ± SD Mean ± SD
Mean dally 
(m3/m2/d)
Mean total 
(m3/m2)
DyGF A
May 6 -July 9/1991 65 113 ±85 0.93 ±0.13 5.3 ±1.03 22.5 1,505
March 8 -May 16/1992 71 51 ±40 1.93 ±0.08 3.1 ±0.24 45.4 3,321
October 13/1992 -  January 23/1993 104 72 ±62 1.88 ±0.19 2.9 ±0.19 44.1 4,724
DyGF B
May 1 -  July 10/1991 71 119 ±89 1.35 ±0.22 5.3 ± 1.01 32.4 2,245
March 8 -May 16/1992 71 51 ±40 1.47 ±0.05 3.0 ± 0.24 35.4 2,477
October 11/1992 -  January 26/1993 108 72 ±62 1.73 ± 0.11 3.0 ± 0.28 41.5 4,435
DyGF C
May 1 -  July 10/1991 71 119 ± 89 1.41 ±0.59 5.5± 1.15 33.4 2,592
March 8 -May 16/1992 71 51 ±40 2.68 ± 0.47 3.0 ±0.17 64.5 4,534
October 10 -  December 26/1992 78 64 ±47 2.61 ±0.84 3.1 ±0.49 62.2 4,852
In spite of the fact that the experimental design was not oriented to compare total cleaning 
cycles the results summarised in table 3.12 seem to suggest that shorter partial cleaning 
cycles (filtration runs) produce longer total cleaning cycles. This tendency is observed even
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at the higher mean filtration rates in some of the examples included in table 3.12. In harmony 
with the previous observations, higher filtration rates and shorter partial cleaning cycles tend 
to produce higher productivity values during a total cleaning cycle. These observations could 
be explained for the smaller probability of having high flow reduction (RQ) and sludge 
accumulation values in the gravel bed of the DyGF units.
3.2.3 Specific studies on dynamic gravel filtration units
Based on these initial results more specific studies were made to improve our understanding 
and design criteria for DyGF units. They were carried out with the participation of M.Sc. 
students. Parts of these studies are included in this section. One of them covered research to 
identify the influence of overflow changes on the performance of DyGF units and the sludge 
retention distribution over the height of the filter bed working at different filtration rates 
(Latorre, 1994). Two DyGF pilot units running in parallel with declining rate filtration were 
organised to investigate this. Both had hydraulic structures and gravel layer specifications 
similar to those summarised for DyGF-C in table 3.1. The filtering box had the following 
dimensions: 1.5m long, 0.5m wide, and 0.7m high (0.1m as freeboard).
Influence of overflow changes on the performance of DyGF units. During a filtration run 
in a DyGF unit only part of the influent (Qj) is filtered (Qf) and the excess water (Qe) 
constitutes the overflow which is usually channelled or piped back to the water source 
(section 2.8.3 and figure 2.19). To contribute to clarify the role of Q e on the performance of 
DyGF one Qf value was tested with different values of Qe.
Based on practical observations, Q e values, in the range of 2.5 to 9.4 m3h'1 (0.7 to 2.6 Is'1), 
produce horizontal surface velocities on the pilot units in the range of 0.05 to 0.2 ms'1. After 
these observations, the initial filtration rate (Vf) was kept at about 2.0 mh'1 and the influent 
(Qi) was programmed to have values in a range close to 2.5 to 9.4 m3h'1. Several test runs 
were implemented with the two units working in parallel, until final values of Vf < 0.2 mh'1 
ensured high overflow (Qe) values.
The results for all filtration runs but one (2B) showed that a net positive scouring effect of the 
removed material on top of DyGF units was not taking place, even at the Qe value of 7.3 
m3h'1 (2.7 Is'1). Consistently the SS concentrations were observed to be lower in the overflow 
in comparison with the influent. The results are summarised in table 3.13.
Table 3.13. Performance of DyGF units with similar filtration rates but changing overflow 
values. Filtering surface area of 0.75 m2 (Based on Latorre, 1994).
Run 
(filter unit)
Raw water 
SS (mgl1) 
Mean ± SD
Run
length
(days)
Flow (m3h'1) Filtration rate 
(mh1)
Filtered SS 
(mgl1) 
Mean ± SD
Overflow SS 
(mgl*1) 
Mean ± SD
Q.
(range)
Q, (overflow)
Initial Final Initial Final
1.A 188 ±50 5 3.8-4.1 2.5 3.7 2.0 0.2 30 ± 17 163 ±54
1.B 232 ± 50 4 7.1 -7.3 5.8 7.0 2.1 0.0 36 ±27 212 ±36
2.A 229 ± 56 4 5.5-5.7 4.0 5.5 2.1 0.0 39 ±31 196 ±50
2.B 148± 103 4 8.1 -9.7 7.3 9.7 1.8 0.0 19 ± 15 152± 122
3.A 145 ±111 4 2.3-26 1.0 2.3 2.0 0.1 18 ± 16 127± 108
Testing period: January 4 -  April 7 1994.
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Previous observations were further considered by taking samples simultaneously from Qj, Qf, 
and Qe and finding connections between remaining weight fractions of particles (Fw) and 
distribution of settling velocities (Vs) using column settling tests (CST). The columns were 
made of Plexiglas having 0.30-m diameter and 1.0 m depth with four sampling ports located 
at 0.26, 0.46, 0.61 and 0.71-m below the water surface. The values of Fw are calculated as 
C/Co where C0 is the initial SS concentration in Qj at t=0 and Cj are the measured values at 
different times and depths during the CST. Figure 3.16 illustrates the typical pattern of Fw 
and Vs based on data produced with Qi, Qf and Qe samples taken from a filter run identified 
as 1(A) in table 3.13.
co00
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Settling velocity, Vs in cm.s'1 x10E'
Qi Influent Qf Filtered effluent Qe Overflow
Figure 3.16 Settling velocity curves of samples taken from Qj, Q, and Qe of a DyGF unit with 
0.75 m2of surface filtering area and working with Qi=4 m3h'1 (1.1 Is'1) and initial 
filtration rate of 2.0 mh1. All Fw values calculated with respect to initial SS 
concentration (C0) in Qt (Based on Latorre, 1994; Latorre et al, 1996).
On the basis of figure 3.16 it may be concluded that very small differences exist between the 
Fw values in the curves for Qi and Qe at each settling velocity. The Fw values associated 
with Qi are normally greater than those associated with Qe but most of their differences are 
in the range of 0 to 10%. Both, Qi and Qe show a remaining weight fraction Fw close to 45%, 
with Vs< 5.0x10'3 cms'1. Only 20 to 30% of the initial SS concentration C0 remains in the 
filtered water, thus indicating the impact of DyGF on suspended solids reduction.
The mean density of Cauca river water solids removed on top of the gravel bed of DyGF 
units was 1564 (SD=78.2) kgm'3. At least for these solids, the results in table 3.13 and figure
3.16 indicate that overflow in DyGF is neither playing any role in improving SS removal 
efficiencies nor contributing to reducing partial cleaning frequencies by scouring and 
transporting away removed solids from the top of the gravel beds. Therefore overflow can be 
eliminated as a normal hydraulic element in DyGF operation, but including a shallow overflow 
weir (2 to 5 cm from the gravel bed surface to the crest of the weir) at the end of the filtering 
box of DyGF (see Annex 1, figure A1-2). This shallow weir should behave as a “safety valve” 
by allowing overflow during abrupt water quality changes, with high SS concentration, and 
keeping the possibility of applying the concept of protection capacity discussed before. DyGF
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units designed with this criterion will work at constant filtration rates until headloss in the 
gravel bed becomes greater than the height of the overflow weir. Afterwards the units will 
work at declining rate filtration, as initially proposed (Galvis, 1983; Galvis and Fernandez, 
1991).
Influence of initial filtration rates on solids distribution in gravel bed layers of DyGF 
units. Removed solids in DyGF units should concentrate in the top gravel layer or at the 
bottom, close to the drainage system, to increase the impact of partial cleaning activities and 
the length of total cleaning cycles. Sludge accumulated in the gravel layers was measured at 
the end of filtration runs 1A to 3A. figure 3.17. These results complement the observations at 
higher initial filtration rates (3.1, 3.7 and 4.8 mh'1), keeping Q; in the range of 4.3 to 5.6 m3h'1 
(1.2 to 1.6 Is'1). Performance of the DyGF units at these higher filtration rates is summarised 
in table 3.14.
Table 3.14. Performance of DyGF units with similar influent and different filtration rates. 
Filtering surface area of 0.75 m2 (Based on Latorre, 1994).
Run 
(filter unit)
Raw water 
SS (mgl’1) 
Mean ± SD
Run
length
(days)
Flow (m3h'1) Filtration rate 
(mh*1)
Filtered SS 
(mgl1) 
Mean ± SD
Overflow SS 
(mgl1) 
Mean ± SD
Qi
(range)
Q« (overflow)
Initial Final Initial Final
3.B 406± 172 3 5.0-5.6 2.7 5.8 3.1 0.2 62 ±73 348± 128
4.A 424± 161 3 4.3-5.0 1.6 4.9 3.7 0.2 129 ±83 355± 131
4.B 125 ±21 6 5.0-5.6 1.8 5.0 4.8 0.0 46 ±14 104± 18
Testing period: January 4 - April 7 1994.
Figure 3.17 A and B show weight fraction distributions of accumulated sludge in each gravel 
layer after filtration runs included in table 3.13 and 3.14 respectively. With initial filtration 
rates in the range of 1.8 to 2.1 mh'1 (figure 3.17 A) solids accumulated mainly (81%, SD = 
9%) in the upper gravel layer. The intermediate and bottom gravel layers stored 11% (SD = 
4%) and 9% (SD = 6%) of removed solids respectively.
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Figure 3.17. Weight fractions of stored solids in top (1), intermediate (2) and bottom gravel 
layers of DyGF units with initial filtration rates (Vf) in the range of 1.8 to 2.1 mh'1 
(A) and 3.1 to 4.8 mh'1 (B) (Based on Latorre, 1994 and Latorre et al, 1996).
A similar trend (of removed sludge distribution between the gravel layers) to that observed 
with the previous range of initial filtration rates (1.8 -  2.1 mh'1) was found at higher filtration
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rates (figure 3.17 B). However, at the highest tested value (4.8 mh'1) only 50% of sludge was 
removed in the upper gravel layer and the other 50% was equally distributed between the 
other two layers, showing clearly a deeper penetration of solids into the gravel bed.
The results summarised in figure 3.17 and obtained after processing Cauca River water 
indicate that initial filtration rates should be < 3.7 mh'1. Initial filtration rates should be even 
lower, particularly in small water supply systems with only two units running in parallel, 
allowing room for higher values during cleaning procedures of parallel units. However, 
specific observations may be necessary to decide about initial filtration rates when 
processing water from different water sources.
3.2.4 Coarse gravel filtration lines working in series with SSF units
Coarse gravel filtration (CGF) lines drew water from a common unit, the constant head 
feeder tank identified as 05 in figure 3.8. The water collected in this tank after DyGF is 
identified in this study as integrated water. An overview of the integrated water quality to be 
treated by the CGF lines working in series with SSF units is shown in table 3.15. After DyGF 
integrated water still shows high pollution levels and constitutes a challenge to the 
subsequent treatment stages.
Table 3.15 Descriptive statistics for integrated water quality parameters. March 1991- 
February 1993
Parameters No.(Data) Mean
Standard
deviation Min Max. Percentile 90 Percentile 95
Faecal Coliforms (CFU/100ml) 143 17,493 25,123 2,000 169,667 39,800 50,900
Turbidity (NTU) 1,584 40 49 2 600 80 120
Total Solids (mgl'1) 18 128 42 95 279 148 175
Suspended Solids (mgl'1) 145 40 78 3 619 89 166
Volatile Solids (mgl'1) 17 48 14 30 91 58 69
Colour (PCU) 145 49 36 10 240 80 122
Chemical Oxygen Demand (mgl'1) 18 <9.4 4 <5 19.4 13.8 16.2
pH (U) 24 - - 6.6 7.4 7.3 7.3
Total Alkalinity (mgl'1 CaCOa) 19 20 7.2 2.6 30.4 27.8 29.1
Total Hardness (mgl'1 CaCC^ ) 19 32.4 6 19.5 45.3 39.5 42.2
Total Iron (mgl'1) 19 3.5 6.7 0.4 30 4.1 10.7
Manganese (mgl'1) 17 0.5 0.4 0.1 1.4 0.9 1.1
Dissolved Oxygen (mgl'102) 24 4.4 1.1 0.5 5.6 5.5 5.6
Initial-ripening periods in SSF units. The SSF units went through a period of “initial- 
ripening” before their effluents became stabilised for faecal coliform and turbidity, as 
illustrated in figure 3.18 and 3.19 for SSF1t working in series with UGFS line. Raw water was 
fed into CGF on January 1 1991. After 23 days SSF units also went into operation. It took 
close to a month (from day 23 to 52) before SSFi could produce water low in microbiological 
sanitary risk, with faecal coliform counts of 1 or 0 per 100 ml. After this “maturation” period 
SSFi effluent was consistently low in faecal coliform. Similar performance was also observed 
in the other units. In contrast, Haarhoff and Cleasby (1991) reports “initial-ripening” periods in 
the range of 35 to 100 days for indicator bacteria in SSF units processing low polluted waters 
in a seasonal environment. Besides, as shown in figure 3.19, SSFi took more than a month,
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until the beginning of March 1991, to produce consistently positive removal efficiencies and 
frequent low effluent turbidities (<5 NTU). Only data collected after March 2 1992 is used for 
statistical analysis in the present study because of these “initial-ripening” periods.
Running days
 Raw water UGFS  SSF1
Figure 3.18. Faecal coliform counts in raw water, integrated water, UGFS and SSFi effluents 
(January-July, 1991).
The gradual improvement in faecal coliform and turbidity removals in UGFS line (figure 3.18 
and 3.19) seems to be evidence of biological ripening over an extended filtration run. Collins 
et al (1994), working with vertical flow CGF (processing raw water supplemented with K-clay) 
and HGF (treating raw water), report a similar observation. They found that corresponding to 
reductions in phosphates and pH were slight reductions in dissolved organic material 
achieved by the CGF units.
Running days
Raw water UGFS  SSF1
Figure 3.19. Turbidity levels in raw water, integrated water, UGFS and SSFt effluents. 
(January-July, 1991).
Longer “initial-ripening” periods for turbidity than for indicator bacteria could simplify 
monitoring and operational decisions about connecting new SSF units to main treated water 
effluents, particularly in small WS systems with limitations for microbiological analyses. 
However, this possibility requires further observations before making any practical 
recommendation. During ripening periods for indicator bacteria SSF effluents should be 
wasted, especially when other parameters which interfere with chemical disinfection, like 
turbidity, are also high and unstable. Exceptionally, chemical disinfection could be applied to 
the effluent of SSF units being ripened for indicator bacteria. In this case chemical 
disinfection should be an integral part of the treatment system and not only a final safety 
barrier, thus also requiring stricter measures for water quality control, operation and 
maintenance.
3.2.4.1 Water quality changes in CGF lines and SSF units
The filterability test was carried out with samples taken from the effluents of the CGF lines 
and their respective SSF units. Descriptive statistics of mean volumes of filtered water are 
summarised in table 3.16. The volumes of filtered water are in the range 346 to 491 mU'1h'1 
for samples taken from the CGF effluents and 513 to 550 m l.I'V 1 for samples taken from the 
SSF effluents. This suggests that SSF units are adapting their solids removal efficiencies to 
smooth out filterability differences found in effluents of CGF lines. This should be reflected in 
higher O&M requirements in those SSF units treating influent water with low filterability or 
higher solid concentrations.
Table 3.16 Descriptive statistics for volumes (ml.3min'1) of water obtained during the 
application of filterability tests to the effluents of CGF lines and SSF units. Test 
period I, March-July 1991.
Descriptive
statistics
Int.
water
Line 1 Line 2 Line 3 Line 4 Line 5
UGFS SSF1 UGFL SSF2 MHGF SSF3 HGF SSF4 DGFS SSF5
Mean 62 383 513 346 535 453 539 456 513 491 550
SD 26 97 58 95 30 88 26 79 42 66 0
Minimum 33 241 426 205 474 325 486 357 457 421 550
Maximum 99 490 550 475 550 550 550 550 550 550 550
Data (N) 6 6 6 6 6 6 6 6 6 6 6
The pH, total alkalinity and total hardness were fairly consistent in the 2nd and 3rd filtration 
stages. Therefore the buffer capacity of the water was not significantly altered and 
precipitation did not take place in the filter beds.
The mean dissolved oxygen (DO) levels in the effluents of the vertical flow CGF lines were 
in the range of 3.8 to 7.1 mgl'1 of 0 2. Higher values were observed in vertical flow CGF 
options with aeration taken place after the inlet flow weirs of each filtration step. The lowest 
mean value (1.9 mgl'1 of 0 2) was observed in HGF line during the IV test period having the 
highest tested filtration rate (0.75 mh'1). Long “conventional” HGF units may have problems 
caused by anaerobic environments when treating polluted waters at high filtration rates.
SSF units processing effluents from UGFS, HGF, and DGFS produced water consistently 
within the guidelines for total iron (table 2.3) during all test periods. SSF2 (after UGFL) had 
effluents >0.3 mgl'1 in 25 and 33% of samples taken during the 1st and 2nd test periods
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respectively. SSF3 (after MHGF) produced effluents with total iron levels above the guideline 
value during test period II in 17% of all analysed samples. All CGF+SSF lines showed mean 
removal efficiencies of total iron in the range 98 to 99% during the 1st testing period, when 
the mean influent value was 11 mgl'1. The efficiencies were around 90% in all other periods, 
when the mean influent values were in the range of 1 to 2.1 mgl'1. The great majority of total 
iron concentrations in SSF influents were <1 mgl'1, within the guideline values (table 2.6) 
proposed by Spencer et al (1991) and Di Bernardo (1991). Collins et al (1994) report mean 
removal efficiencies in the range 63 to 65% in HGF units processing raw water with 4.3 mgl'1 
of total iron.
All SSF units produced water consistently within the guidelines for manganese (table 2.3) 
through test periods I to III. SSF2 and SSF4 had effluents >0.1 mgl'1 in 20% of samples taken 
during test period IV.
Integrated water had mean volatile solids concentrations in the range 48 to 52 mgl'1 during 
test periods I, II, and IV. CGF+SSF mean removal values for volatile solids were in the range 
21 to 42% during these three periods, with CGF contributing in the range 18 to 30%. During 
all test periods mean integrated water chemical oxygen demand (COD) was in the range 
<5.6 to 11.1 mgl'10 2 and mean effluents of CGF+SSF were <5 mgl'10 2 in most of the 
samples. Both treatment stages CGF and SSF contribute to remove organic matter and 
working in series present higher removal efficiencies than those reported for SSF alone.
Descriptive statistics for turbidity, SS, faecal coliforms, and colour are presented in tables
3.17 through 3.20. Cumulative frequency distributions for turbidity and faecal coliforms are 
illustrated in figures 3.20 and 3.21 respectively. Performance objectives for turbidity and 
faecal coliforms (see table 2.15) have been included in these figures based on values 
recommended by Lloyd et al (1991) and WHO (1993). Table 3.21 summarises cumulative 
(%) frequencies in which performance objectives (based on table 2.15) or drinking water 
quality guidelines (based on table 2.3) were fulfilled in SSF effluents. Mean SS, turbidity, 
faecal coliforms, and colour removal efficiencies of CGF lines are included in tables 3.22 
through 3.25
CGF lines presented high mean removal efficiencies of suspended solids. They were in a 
range of 72 (for MHGF period IV) to 97% (for HGF period I) throughout all four testing 
periods. Higher efficiencies (in the range 92 to 97%) were observed during the 1st period 
having the lowest tested filtration rate (0.3 mh"1) and the highest mean SS value in integrated 
water (97 with SD 135 mgl'1). However, it was also during this 1st period that CGF effluents 
(table 3.17) showed higher mean SS values, in a range of 1.8 (for HGF) to 5.4 mgl'1 (for 
UGFL). During all other periods mean SS effluent values were <5 mgl'1, in the range 1 (for 
HGF period III) to 4.6 mgl'1 (for MHGF period IV). Nevertheless during these periods SD of 
SS data in CGF effluents were in a range of 0.6 (for HGF period III) to 4.8 mgl'1 (for UGFL 
period II and MHGF period IV). Maximum SS concentrations < 5 or <2 mgl'1 have been 
suggested by Wegelin (1996) but without presenting evidence about the impact of these 
levels of SS on SSF performance and O&M requirements. SS <2mgl'1 seems to be a better 
guideline value as considered later when discussing SSF run length results.
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Table 3.17. Descriptive statistics for suspended solids (mgl'1) in CGF and SSF stages.
Descriptive
statistics
Raw
water
Int.
water
Line 1 Line 2 Line 3 Line 4 Lines 5
UGFS SSF UGFL SSF MHGF SSF HGF SSF DGFS SSF
Period I (CGF at 0.3 mh*1; SSF at 0.' mh*1)
Mean 217 97 2.5 0.3 5.4 0.2 4.6 0.3 1.8 0.2 2.3 0.2
S.D 219 135 2.2 0.2 5.4 0.2 3.5 0.3 1.6 0.2 1.9 0.2
Minimum 53 9.0 0.3 0.1 0.4 0.1 0.6 0.1 0.1 0.1 0.3 0.1
Maximum 978 619 10 1.0 28 1.1 14 1.3 6 0.7 8 0.7
Data (N) 34 34 34 34 34 34 34 34 34 34 34 34
Period II (CGF at 0.45 mh*1 SSF at 0.1 mh*1
Mean 99 28 1.3 0.2 4.4 0.3 2.8 0.2 1.2 0.1 1.5 0.2
S.D 119 44 1.4 0.1 4.8 0.4 3.0 0.2 1.5 0.2 2.1 0.2
Minimum 17 2.9 0.2 0.1 0.7 0.1 0.4 0.1 0.1 0.1 0.2 0.1
Maximum 696 228 9.4 0.7 21 2.0 16 0.8 9.6 0.7 14 0.8
Data (N) 52 52 52 52 52 52 52 52 52 52 52 52
Period III (CGF at 0.6 mh*1; SSF at 0.15 mh'1
Mean 62 15 1.1 0.2 3.1 0.2 2.2 0.2 1.0 0.2 1.2 0.2
S.D 34 11 0.8 0.1 1.9 0.2 1.5 0.2 0.6 0.2 0.8 0.2
Minimum 21 3.1 0.3 0.1 0.9 0.1 0.4 0.1 0.1 0.1 0.3 0.1
Maximum 186 61 3.9 0.8 9.4 1.0 6.3 0.8 2.8 0.8 3.5 1.0
Data (N) 29 29 29 29 29 29 29 29 29 29 29 29
Period IV (CGF at 0.75 mh'1; SSF at 0.15 mh*
Mean 59 20 2.0 0.5 4.0 0.7 4.6 0.7 1.9 0.5 2.1 0.5
S.D 54 25 2.2 0.7 4.0 1.0 4.8 1.2 2.3 0.8 1.9 0.6
Minimum 11 2.5 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1
Maximum 243 125 10 2.8 17 4.5 23 5.5 11 4.0 8.5 2.2
Data (N) 30 30 30 30 30 30 30 30 30 30 30 30
CGF lines presented mean turb id ity  removal efficiencies in the range of 53 (for UGFL 
periods li) to 80% (for UGFS period I). In SSF units these efficiencies were in the range of 58 
(for SSFi period I) to 84% (for SSF2 period II). This suggests again (see filterability results 
presented in table 3.16) that SSF units are adapting their particle removal efficiencies to 
smooth out differences found in the effluents of CGF lines.
CEHE (1999) reported mean turbidity removal efficiency of 70% in UGFS with filtration rate 
of 0.6 mh'1 and processing U.K. river water with mean turbidity of 9.2 NTU and turbidity 
peaks of up to 400 NTU. Eudovique (1992) reported this efficiency as 22% in UGFL at 1.3 
mh'1 processing river water with mean turbidity of 5.9 NTU. Pardon (1989) reported removal 
efficiencies in the range of 63 to 92% in DGFS at 0.3 mh'1 processing settled river water with 
turbidities in the range of 20 to >300 NTU. Wegelin (1996) reported 88% as removal 
efficiency in HGF at 0.3 mh'1 with turbidities in the range of 40 to 400 NTU. Based on these 
experiences and results shown in figure 2.22 after Pardon (1989), turbidity removal 
efficiencies around 80% in CGF seem to be possible only with filtration rates <0.4 to 0.6mh'1 
and turbidity levels above 20 to 40 NTU.
UGFS and HGF produced effluents with mean turbidity levels <5 NTU during the last two test 
periods. It was also during these periods that SSFi (after UGFS) and SSF4 (after HGF) 
produced effluents with mean turbidity levels close to 1 NTU. These results are in harmony 
with guidelines asking for turbidity levels <5 or 6 NTU in water flowing into SSF to obtain SSF 
turbidity effluent <1 NTU (Cleasby, 1991; Lloyd et al, 1991; WHO, 1993).
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Table 3.18. Descriptive statistics for turbidity (NTU) in CGF and SSF stages.
Descriptive
Statistics
Raw
Water
Int.'1'
water
Line 1 Line 2 Line 3 Line 4 Lines 5
UGFS SSF UGFL SSF MHGF SSF HGF SSF DGFS SSF
Period I (CGF at 0.3 mh'1; SSF at 0.1 mh1)
Mean 109 74 12 4.3 22 3.2 21 4.8 13 3.4 17 4.5
S.D 104 76 12 3.4 18 2.2 16 3.4 10 2.3 15 3.6
Minimum 29 17 2.0 0.9 3.8 0.6 3.9 0.9 2.8 0.5 2.6 0.4
Maximum 750 580 115 21 170 16 130 21 81 15 140 28
Data (N) 294 294 294 294 294 294 294 294 294 294 294 294
Period II (CGF at 0.45 mh'1; SSF at 0.1 mh1)
Mean 59 35 8.1 2.0 16 3.3 13 3.1 8 2.4 9.1 3.1
S.D 53 34 6.9 1.7 12 4.1 10 3.2 7 1.9 7.2 2.8
Minimum 18 7.1 1.7 0.5 3.5 0.6 3 0.5 2 0.5 2.4 0.6
Maximum 500 310 51 16 80 39 75 31 55 18 55 28
Data (N) 429 429 429 429 429 429 429 429 429 429 429 429
Period III (CGF at 0.6 mh'1; SSF at 0.15 mh'1)
Mean 51 29 6.6 1.2 13 1.4 10 1.6 6.2 1.3 7.5 1.4
S.D 52 35 6.5 0.9 15 1.5 10 2.0 5.7 1.4 7.6 1.2
Minimum 17 6.2 0.9 0.4 2.0 0.4 2.5 0.4 1.5 0.2 1.8 0.5
Maximum 500 320 38 8.5 130 20 79 24 31 18 75 17
Data (N) 401 401 401 401 401 401 401 401 401 401 401 401
Period IV (CGF at 0.75 mh'1; SSF at 0.15 mh*1)
Mean 52 31 7.8 2.0 12 2.8 13 2.6 5.8 1.7 8.8 2.6
S.D 61 40 9.0 2.6 14 3.9 17 4.3 6.2 1.6 8.1 3.4
Minimum 12 2.1 0.6 0.2 1.5 0.2 2.1 0.2 0.6 0.2 1.0 0.2
Maximum 900 600 72 17 130 28 252 56 60 20 68 43
Data (N) 460 460 460 460 460 460 460 460 460 460 460 460
(1) Integrated water after DyGF
UGFS, HGF and DGFS produced turbidity levels ^ 10 NTU in 82 to 84% of the samples 
taken from their effluents during test period III (see table 3.21 and figure 3.20). Their 
respective SSF units (SSF1( SSF4, and SSF5) had turbidity levels <5 NTU in 98 to 99% of 
samples taken from their effluents. Therefore, guidelines asking for turbidity levels before 
SSF <10 NTU (Di Bernardo, 1991; Pardon, 1989). Seem to be oriented to obtain SSF 
effluents <5 NTU.
Based on the present research work and available guidelines, SSF units with influent 
turbidities below 5 or 10 NTU should consistently produce effluent turbidities below 1 or 5 
NTU respectively. However, Influent turbidity guideline values should be met in around “only” 
90% of samples taken from SSF influents, allowing some room for abrupt water quality 
changes with high turbidity levels (<500 NTU before DyGF and UGFS and <38 NTU before 
SSF1t according to results obtained in test period III).
Important reductions in faecal coliform counts occur in both CGF lines and SSF units. 
During test periods I, II and III all samples taken from effluents of SSFt (after UGFS) had 
consistently <3 CFU /100ml. During the test periods II and III faecal coliform levels in the 
effluents of UGFS+SSF1t HGF+SSF3, and DGFS+SSF5 were inside the performance 
objectives included in table 2.15 for coliform removal before terminal disinfection. During test 
periods II and IV SSF2 working in series with UGFL had mean and maximum effluent coliform 
levels significantly above 3 and 25 CFU /100ml respectively.
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Table 3.19. Descriptive statistics for faecal coliforms (CFU/100ml) in CGF and SSF stages.
Descriptive Raw Int. Line 1 Line 2 Line 3 Line 4 Lines 5
statistics water water UGFS SSF UGFL SSF MHGF SSF HGF SSF DGFS SSF
Period I iCGF at 0.3 mh'1; SSF at 0.1 mh'1)
Mean 41,184 24,758 65 0.1 369 0.8 929 2.3 182 0.7 147 0.8
S.D 31,215 31,500 91 0.3 388 1.6 725 3.3 135 1.4 161 1.6
Minimum 6,200 3,000 1 0.0 10 0.0 193 0.0 42 0.0 20 0.0
Maximum 117,000 158,000 390 1 1,800 7 4,000 13 660 7 780 6
Data (N) 31 31 31 31 31 31 31 31 31 31 31 31
Period II (CGF at 0.45 mh'1; SSF at 0.1 mh'1)
Mean 31,800 8,843 45 0.1 452 2.7 513 2.0 90 0.2 38 0.3
S.D 20,944 8,668 52 0.3 760 5.6 429 2.8 125 0.5 33 0.5
Minimum 2,700 2,100 1 0.0 48 0.0 2 0.0 4 0.0 6 0.0
Maximum 94,000 50,000 250 1 5,600 35 2,220 18 820 2 172 2
Data (N) 53 53 53 53 53 53 53 53 53 53 53 53
Period III CGF at 0.6 mh'1; SSF at 0.15 mh*1)
Mean 97,779 16,823 64 0.5 637 1.7 735 1.1 124 0.2 62 0.2
S.D 74,498 22,374 48 0.7 545 3.0 574 1.3 163 0.4 32 0.5
Minimum 20,000 3,700 17 0.0 152 0.0 56 0.0 29 0.0 19 0.0
Maximum 300,000 121,000 206 2 2,900 12 2,833 4 940 1 142 2
Data (N) 30 30 30 30 30 30 30 30 30 30 30 30
Period IV (CGF at 0.75 mh'1; SSF at 0.15 mh'1)
Mean 108,796 26,226 127 2.2 1,226 10.7 1,357 4.6 145 0.6 146 1.4
S.D 100,235 34,647 137 5.4 1,210 25.0 1,070 6.9 160 1.1 160 2.4
Minimum 12,091 2,000 7 0.0 203 0.0 48 0.0 20 0.0 7 0.0
Maximum 500,000 169,667 480 26 4,900 109 4,400 29 637 5 523 12
Data (N) 29 29 29 29 29 29 29 29 29 29 29 29
All integrated water flowing into CGF lines had maximum coliform values that were above 
those used to produce table 2.15. Therefore performance objectives were met because 
removal efficiencies reached in this study were higher than those indicated for CGF (90%) 
and SSF (95%) in table 2.15. During the 1st period, for example, individual removal 
efficiencies in CGF were in the range 93.4 (for MHGF) to 99.4% (for UGFS), while in SSFs 
they were in the range 98.9% (for SSF2) to 99.7% (for SSF1t SSF3 and SSF4).
CEHE (1999) reported mean faecal coliform removal efficiency of 82% in UGFS processing 
river water with an average of 1,075 CFU/100 ml. Eudovique (1992) reported an efficiency of 
56% in UGFL having 78 CFU/100 ml in influent water. Pardon (1989) reported 77% in DGFS 
processing settled river water with 790 CFU/100 ml. Pardon (1989) also reported 84 % in 
HGF (filtration rate 0.3 to 0.5 mh'1) treating raw water with 400 to 60,200 faecal coliform per 
100 ml and 12 °C as mean water temperature. These reported efficiencies are all lower than 
those found in the present study.
A feasible explanation for the higher efficiencies found in this study with respect to those 
reported in the literature seems to be related to higher levels of faecal contamination 
reaching the CGF lines tested in Puerto Mallarino, together with favourable environmental 
conditions for biological activity. Water temperature during this study was 24 °C with SD of
1.2 °C. water with appropriate nutrient levels are expected to have better removal efficiencies 
for turbidity and microbiological contamination than those with low nutrient levels (e.g. 
Bellamy (1985) based on results with SSF). Low removal efficiency reported by Eudovique 
(1992) may be related to high filtration rates in UGFL (1.3 mh'1), besides other possible 
limiting factors.
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After the present experience, faecal coliform removal efficiency of 90%, or even higher, seem 
possible particularly with CGF alternatives having long hydraulic retention times and 
processing highly polluted water sources. However a less demanding performance objective 
for faecal coliform removal than that included in table 2.15 should be considered dealing with 
less polluted water sources.
During all tested periods mean colour values in CGF effluents were in the range of 15 (for 
UGFS and HGF during period III) to 40 PCU (for UGFL period I). The mean colour removal 
efficiencies in CGF lines were in the range of 28% (for UGFL period II) to 68% (for HGF 
period IV). The mean colour values in SSF effluents were in the range of 4 (for SSF4 period 
IV) to 11 (for SSF3 period II). The mean colour removal efficiencies in SSF units were in the 
range of 50 (for SSF4 period III) to 84% (for SSF2 period I). The higher removal efficiencies in 
this treatment stage are in those SSF units following the CGF lines with the higher colour 
effluent values. Depending on periods and CGF lines, SSF units had effluent colour levels 
<15 PCU during 83 (for SSF2, test period IV) to 100% of monitored time (table 3.21).
Table 3.20. Descriptive statistics for colour (PCU) in CGF and SSF stages.
Descriptive Raw Int. Line 1 Line 2 Line 3 Line 4 Lines 5
statistics water water UGFS SSF UGFL SSF MHGF SSF HGF SSF DGFS SSF
Period 1 (CGF at 0.3 mh’1; SSF at 0.1 mh1)
Mean 81 72 22 6 40 5 35 6 24 6 30 6
S.D 61 54 16 5 33 4 23 5 17 5 21 6
Minimum 24 20 3 1 4 1 7 1 4 1 5 1
Maximum 250 240 64 22 150 17 102 18 71 19 90 26
Data (N) 34 34 34 34 34 34 34 34 34 34 34 34
Period II (CGF at 0.46 mh'1; SSF at 0.1 mh'1)
Mean 54 46 21 7 33 10 29 11 22 9 24 10
S.D 29 23 12 4 18 8 17 6 10 5 12 6
Minimum 21 18 3 1 12 2 7 3 8 2 8 2
Maximum 190 155 75 19 125 42 125 31 66 28 75 30
Data (N) 51 51 51 51 51 51 51 51 51 51 51 51
Period III (CGF at 0.6 mh'1; SSF at 0.15 mh’1)
Mean 35 30 14 6 21 7 18 8 14 7 16 7
S.D 12 11 7 3 9 3 8 3 6 4 6 3
Minimum 16 10 2 1 7 1 4 1 3 1 4 1
Maximum 72 55 33 10 46 15 38 13 31 17 31 13
Data (N) 30 30 30 30 30 30 30 30 30 30 30 30
Period IV (CGF at 0.75 mh'1; SSF at 0.15 mh'1)
Mean 57 48 18 6 26 8 27 7 15 4 20 6
S.D 36 32 14 7 19 7 20 7 10 3 14 6
Minimum 16 12 3 1 5 1 4 1 2 1 3 1
Maximum 164 144 46 30 70 30 74 28 35 13 50 35
Data (N) 30 30 30 30 30 30 30 30 30 30 30 30
The capability of CGF to remove dissolved organic matter is gradually being recognised 
(Galvis et al, 1989; Galvis, 1993, Collins et al 1994). SSF units in this study presented mean 
colour removal efficiencies in the range 50 to 84% which is above the range of 30 to 42% 
often considered in literature reviews for mean colour removal values in SSF (e.g. Ellis, 
1985; Lambert and Graham, 1995). The higher removal values found in this research could 
be due to better environment conditions contributing to a more active biomass, which is not 
facing periodic stress from strong seasonal changes as occurs in northern countries, where 
most of the information in this field has been produced. Other factors such as the
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nature of the organic matter and the potential benefits of minor amounts of iron and 
manganese should also be considered (Collins et al, 1991; Spencer et al 1991).
Table 3.21. Cumulative frequencies (%) in which performance objectives or drinking water 
quality guidelines are fulfilled in SSF effluents.
CGF+SSF
CGF Effluents (%) SSF Effluents (%)
Turbidity Turbidity Faecal Coliforms Colour
£ 5 sio £ 15 £1 £5 £ 3 <, 25 <;15
Period I CGF (0.3 mh'1) SSF (0.10 mh'1)
UGFS+SSF, 26 58 72 0 74 100 100 91
UGFL+SSF, 5 27 40 5 86 94 100 97
MHGF+SSFj 2 29 41 0 68 77 100 91
HGF+SSF4 13 53 65 5 83 97 100 94
DGFS+SSF, 10 45 57 7 69 94 100 94
Period ll CGF (0.45 mh'1) SSF (0.10 mh'1)
UGFS+SSF, 40 79 88 29 95 100 100 94
UGFL+SSFj 8 43 62 17 87 81 98 86
MHGF+SSFj 14 57 75 19 91 87 100 88
hg f+ssf4 25 80 89 22 95 100 100 92
DGFS+SSF, 29 76 86 16 91 100 100 88
Period III CGF (0.60 mh'1) SSF (0.15 mh'1)
UGFS+SSF, 59 84 89 61 99 100 100 100
UGFL+SSFj 27 65 74 51 99 87 100 100
MHGF+SSFj 37 74 78 48 98 93 100 100
HGF+SSF4 65 84 90 56 98 100 100 100
DGFS+SSF, 51 82 88 47 99 100 100 100
Period IV CGF (0.75 mh'1) SSF (0.15 mh'1)
UGFS+SSF, 55 75 86 49 91 90 97 87
UGFL+SSF, 39 61 68 46 85 62 90 83
MHGF+SSF, 34 60 66 41 88 66 97 87
HGF+SSF, 60 88 95 49 98 97 100 100
DGFS+SSF, 47 70 83 42 89 93 100 97
3.2.4.2 Comparative analysis of different CGF alternatives.
F-Test with ANOVA methodology was used to decide about the following (null) hypothesis 
(H0): there are not significant statistical differences between the mean removal efficiencies of 
SS (or turbidity, faecal coliforms, or colour) in CGF filtration lines working with the same 
filtration rates. Tables 3.22 through 3.25 summarise comparative analyses made for SS, 
turbidity, faecal coliform, and colour removal efficiencies respectively.
Based on filtration theory (sections 2.5.1-figure 2.5B and sections 2.8.2-figures 2.11 and 
2.15) it was expected that HGF having similar gravel sizes but longer filter beds than UGFS 
and DGFS would show the highest mean SS removal efficiencies of ail CGF lines. In other 
words, it was expected that MHGF had similar mean removal efficiencies compared with 
UGFS and DGFS. However, results in table 3.22 show that mean SS removal efficiencies 
are statistically alike (with 1% significance) in HGF, DGFS and UGFS during all tested 
periods. Consistently MHGF (with shorter filter bed length than HGF) shows lower efficiency 
than UGFS and DGFS. UGFL (having the shortest filter bed length of all CGF lines) shows 
the lowest mean removal efficiencies during all test periods but UGFL and MHGF had 
statistically similar mean removal efficiencies during periods II and III.
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Tables 3.22 Comparative analyses of mean SS removal efficiencies in CGF lines.
Suspended 
solids (mgl'1) 
in raw water 
(mean ± SD)
CGF
lines
Descriptive statistics 
Removal efficiencies (%)
Decision on How 
Based on F-Test 
and ANOVA 
technique(a=1%)
Hierarchical 
levels Based 
on Tukey Test 
(a=1%)
Data
(N) Mean
Standard 
deviation (SD)
Period I (0.3 mh’1)
hgf3 96.57 2.9 HGF3 (1)
UGFS3 95.67 3.0 UGFS3 (1)
97 ± 135 DGFS3 34 95.45 3.8 Ho is rejected DGFS3 (1)
UGFL 92.38 4.2 UGFL (2)
mhgf3 91.77 5.3 MHGF3 (2)
Period II (0.45 mh’1)
hgf3 92.48 5.9 HGF3 (1)
ugfs3 91.63 6.8 UGFS3 (1)
28 ±44 dgfs3 52 91.07 6.3 Ho is rejected DGFS3 (1)
mhgf3 83.70 11.6 UGFL (2)
UGFL 77.66 12.2 MHGF3 (3)
Period III (0.6 mh’1
hgf3 91.47 7.6 HGF3 (1)
ugfs3 90.67 7.6 UGFS3 (1)
15 ± 11 dgfs3 29 90.50 5.2 Ho is rejected DGFS3 (2)
mhgf3 82.65 10.5 MHGF3 (2)
UGFL 76.39 10.1 UGFL (3)
Period IV (0.75 mh’1)
hgf3 87.48 12.4 HGF3 (1)
ugfs3 86.81 12.0 UGFS3 (1)
20 ±25 dgfs3 30 83.91 10.7 Ho is rejected DGFS3 (1)
UGFL 75.28 12.9 UGFL (2)
MHGF3 71.76 16.7 MHGF3 (2)
(a) Ho: The mean S S  removal efficiencies are statistically the same for all CGF alternatives.
Table 3.23 Comparative analyses of mean turbidity removal efficiencies in CGF lines.
Turbidity 
(NTU) in raw 
water 
(mean ± SD)
CGF
lines
Descriptive statistics 
Removal efficiencies (%)
Decision on Ho(,) 
Based on F-Test 
and ANOVA 
technique (a«1%)
Hierarchical levels 
Based on Tukey 
Test (a»1%)Data(N) Mean
Standard 
deviation (SD)
3eriod 1 (0.3 mh’1
ugfs3 80.34 9.1 UGFS3 (1)
hgf3 77.53 10.2 hgf3 (2)
74 ±76 dgfs3 294 73.58 11.2 Ho is rejected dgfs3 (3)
UGFL 66.16 11.3 UGFL (4)
MHGF3 65.10 14.0 MHGF3 (4)
Period II (0.45 mh'1)
ugfs3 74.54 9.6 UGFS3 (1)
hgf3 73.67 9.7 hgf3 (1)
35 ±34 DGFS3 429 70.85 10.5 Ho is rejected dgfs3 (2)
MHGF3 61.38 11.5 mhgf3 (3)
UGFL 52.63 11.7 UGFL (4)
Period III (0.6 mh'1)
UGFSs 76.63 9.3 HGF3 (1)
hgf3 76.07 10.6 UGFS3 (1)
29 ±35 DGFS3 401 72.09 10.4 Ho is rejected DGFS3 (2)
mhgf3 64.07 11.3 MHGF3 (3)
UGFL 57.65 12.1 UGFL (4)
Period IV (0.75 mh’1)
UGFS3 76.14 6.2 HGF3 (1)
HGF3 72.88 9.0 UGFS3 (2)
31 ±40 dgfs3 462 66.61 8.1 Ho is rejected DGFS3 (3)
UGFL 58.60 13.5 UGFL (4)
MHGF3 55.16 17.3 MHGF3 (5)
(a) Ho: The mean turbidity removal efficiencies are statistically the same for all CGF alternatives.
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Table 3.24 Comparative analyses of mean faecal coliforms removal efficiencies in CGF.
F. coliforms 
(CFU/100 ml) in 
raw water 
(mean ± SD)
CGF lines
Descriptive statistics 
Removal efficiencies (%)
Decision on Ho(a> 
Based on F-Test 
and ANOVA 
technique (a * 1 % )
Hierarchical levels 
Based on Tukey 
Test (a *1 % )Data<N) Mean
Standard 
deviation (SD)
Period I (0.3 m h1)
UGFS3 99.39 1.2 HGF3 (1)
DGFSa 98.76 1.9 d g f s 3 (1)
24,758 ± 31,500 HGF3 31 98.51 1.8 Ho is rejected u g f s 3 (1)
UGFL 97.96 1.7 UGFL (1)
MHGF3 93.36 6.2 MHGF3 (2 )
Period II (0.45 mh'1)
DGFS3 99.43 0.5 d g f s 3 (1)
UGFS3 99.34 0.9 u g f s 3 (1)
8,843 ± 8,668 HGF3 53 98.76 1.5 Ho is rejected h g f 3 (1)
UGFL 94.67 3.8 UGFL (2)
MHGF3 83.07 4.6 m h g f 3 J3)
Period III (0.6 mh'1)
DGFS3 99.38 0.5 d g f s 3 (1)
UGFS3 99.36 0.7 UGFS3 (1)
16,823 ±22,374 h g f3 30 98.71 1.5 Ho is rejected HGF3 (1)
UGFL 94.73 3.2 UGFL (2)
MHGF3 93.92 3.8 MHGF3 (2)
Period IV (0.75 mh'1)
UGFS3 99.21 0.8 UGFS3 (1)
d g f s 3 99.20 0.8 DGFS3 (1)
26,226 ± 34,647 h g f3 29 99.16 0.8 Ho is rejected h g f 3 (1)
UGFL 92.53 6.3 UGFL (2)
MHGF3 89.87 10.9 MHGF3 J?) .
(a) Ho: The mean faecal coliforms removal efficiencies are statistically the same for all coarse gravel filtration alternatives.
Table 3.25 Comparative analyses of mean colour removal efficiencies in CGF lines.
Colour (PCU) 
in raw water 
(mean ± SD)
CGF lines
Descriptive statistics 
Removal efficiencies (%)
Decision on Ho(,) 
Based on F-Test 
and ANOVA 
technique (a=1%)
Hierarchical levels 
Based on Tukey Test
(a=1%)Data(N) Mean
Standard 
deviation (SD)
Period I (0.3 mh'1)
UGFS3 66.63 15 u g f s 3 (1)
h g f 3 63.38 16 h g f 3 (1)
72 ±54 d g f s 3 34 55.93 17 Ho is rejected d g f s 3 (2)
m h g f 3 47.45 18 m h g f 3 (3)
UGFL 46.31 18 UGFL (3)
Period II (0.45mh'1)
UGFS3 53.49 14 UGFS3 (1)
h g f 3 50.10 13 HGF3 (1)(2)
46 ±23 d g f s 3 51 47.20 17 Ho is rejected d g f s 3 (2)
m h g f 3 37.08 13 MHGF3 (3)
u g fl 27.79 10 UGFL (4)
Period III (0.6 mh*1)
u g f s 3 55.34 13 UGFS3 (1)
h g f 3 54.23 11 h g f3 (1)
30 ±11 d g f s 3 30 48.42 10 Ho is rejected d g f s 3 (2)
m h g f 3 41.26 123 m h g f 3 (3)
UGFL 33.64 11 UGFL (4)
Period IV (0.75 mh*1)
h g f 3 67.82 16 h g f3 (1)
UGFSs 63.53 17 UGFSs (1-2)
48 ±32 d g f s 3 30 59.17 18 Ho is rejected u g f s 3 (2)
u g f l3 45.16 22 UGFL (3)
MHGF 44.73 19 MHGF3 (3)
(a) Ho: The mean colour removal efficiencies in are all statistically the same for all CGF alternatives.
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The results shown in table 3.22 to table 3.25 could be due to shorter actual hydraulic 
retention times presented in MHGF alternative when compared to UGFS and DGFS 
alternatives, since it was observed that short peak loads of turbidity show up in MHGF 
effluent before they do in the effluents of the other two alternatives. This seems to be 
consistent with the fact that UGFS and DGFS have similar reactor volumes (V) compared 
with the MHGF option, but distributed in three compartments hydraulically independent, 
working in series, each one having a volume of V/3 (Hudson, 1981). This hypothesis was 
validated during the phase of specific studies to be discussed later.
Comparative analysis included in table 3.23 shows that statistically UGFS had the best mean 
turbidity removal efficiency during test period I when all the CGF lines had the lowest tested 
filtration rate (0.3 mh'1) and their gravel beds started to be gradually clogged. As pointed out 
by Fox (1990), the drift of previously removed material to the bottom of HGF and possibly of 
DGF units may leave clear passages for the water through the upper media layers affecting 
their removal efficiencies of finer particles more relevant for turbidity than SS measurements. 
In UGFS the filter gradually builds up sediment over its entire cross sectional area, i.e. it 
develops more rapid filter resistance than HGF and DGF, but their treatment efficiency 
becomes greater. During test periods II and III HGF presented statistically similar mean 
removal efficiencies compared with UGFS. Finally, during testing period IV, HGF presented 
the best removal efficiencies. This gradual improvement of HGF line could be explained 
considering that while UGFS and DGFS were exposed to partial cleaning activities every 
month, HGF was not. Because HGF was not regularly washed its gravel bed could become 
gradually more “mature” and more efficient for removing colloidal particles compared with 
those that had been partially cleaned periodically.
MHGF presented the poorest mean faecal coliform removal efficiencies of all CGF lines 
during the first two test periods, but it became similar in this respect to UGFL during the last 
two test periods (table 3.24). In spite of its longer gravel filter bed, HGF shows statistically 
the same removal capacity as UGFS and DGFS during all tested periods. A similar 
explanation to that given before in the case of turbidity is also considered feasible in this 
case. The explanation could be related again to poor hydraulic behaviour of HGF becoming 
more relevant in this case (faecal coliform removal) than the role of a more “mature” gravel 
bed considered before in discussing mean turbidity removal efficiencies.
During the first three test periods (table 3.25), DGFS mean colour removal efficiencies were 
statistically lower than those found in UGFS. In contrast, during the last two test periods 
DGFS became gradually statistically similar to UGFS in mean colour removal efficiencies but 
second to HGF. A similar explanation to that suggested before, related to mean turbidity 
removals, is proposed here in the case of colour removal efficiencies.
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CGF run lengths. Cleaning cycle lengths are summarised in table 3.26. As described in 
table 3.2, CGF lines were subject to total cleaning procedures when their maximum available 
hydraulic heads were reached and they could not be recovered by partial cleaning 
procedures. HGF (without hydraulic cleaning facilities) completed its total cleaning cycle after 
769 days (2.1 years) of continuous operation due to headloss development close to 15 cm. 
Total cleaning cycles in all other CGF lines included two periods (table 3.26). During the 1st 
period partial cleaning activities (PCA) were implemented once a month, as initially planned. 
During the 2nd period cleaning frequency was higher than once a month. With integrated 
water having mean SS concentration of 40 mgl'1 (table 3.15) feeding CGF lines in this study, 
CGF units showed total cycle lengths in the range 2.1 (for HGF) to 2.3 years (for UGFSi). 
Higher total cycle lengths could be possible with vertical flow CGF lines but having more 
frequent PCA, at least once a week for UGFL and DGFS3.
3.2.4.3. Filtration run lengths and headlosses in CGF units
Table 3.26. Cleaning cycle lengths in CGF units. Puerto Mallarino, January 1991, April, 1993
Cleaning Cycle 
Lengths (days)
UGFS
UGFL MHGF HGF(1)
DGFS
1 2 3 1 2 3
Total 848 837 799
769
827
With planned PCC(2) 704 616 703 704
With PCC < 30 days 
• Mean PCC
144 221 96 123 132
22 25 25 8 25 24 7
(1) HGF was the first CGF line to reach its maximum hydraulic head available (15 cms)
(2) Planned partial cleaning cycle (PCC) frequency was a month (see table 3.2).
Headlosses in CGF units. Piezometers were used to measure available hydraulic head at 
different points of filter bed depths (see figure 3.9) and to calculate headlosses between 
these points. An overview of minimum and maximum headlosses in CGF units during all test 
periods is presented in table 3.27. They were measured while the units were undergoing 
PCA once a month. Clearly, both initial (minimum) and final (maximum) headlosses were 
becoming greater in time due to higher filtration rates and accumulated solid loads. PCA 
were sufficient to recover headlosses until the end of test period III when all CGF units show 
maximum headlosses < 10 cm except UGFL which reached close to 30 cm.
Table 3.27. Headlosses in CGF pilot units while partial cleaning activities were implemented 
once a month.
Period Headlosses (cm)
(Filtration UGFS UGFL MHGF HGF DGFSrate) UGFSi u g f s 2 UGFS3 DGFSi d g f s 2 DGFS3
I
(0.30 mh’1)
Minimum 0.2 0.2 0.1 0.1 0.3 0.6 0.1 0.1 0.1
Maximum 3.0 0.8 1.3 7.5 1.9 1.9 1.3 1.1 1.2
Ii Minimum 0.7 0.3 0.4 2.5 0.6 0.8 0.2 0.6 1.0
(0.45 mh’1) Maximum 5.7 2.2 2.9 8.6 6.0 2.7 3.9 1.5 3.7
III Minimum 0.8 0.5 1.3 3.3 0.8 2.7 0.6 1.2 1.4
(0.60 mh'1) Maximum 11.4 6.2 9.9 29.9 5.9 9.6 5.7 2.0 7.3
IV Minimum 5.5 1.2 2.6 6.0 1.1 7.2 1.5 2.2 4.2
(0.75 mh'1) Maximum 26.4 7.9 14.8 46.1 7.0 10.1 25.7 3.9 10.5
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Headlosses in HGF were 14 cm at the end of its total cycle length. Wegelin and Mbwette 
(1989) recommend final headlosses < 30 cm, but considering that values in the range of 10 
to 20 cm should be more frequent. They advise also that filter material should be filled to 
approx. 30 to 40 cm above effluent’s weir level. Based on three experiences with HGF in 
Peru (table 2.9), Pardon (1989) advised available hydraulic heads< 10 cm allowing savings 
in filtration material and structures. Collins et al (1994) reported lower headlosses in CGF 
units processing K-clay water than those processing K-clay + algae water. In using 
“conventional" HGF and based on the present experience, the writer would recommend to fill 
filter material to 20 cm above effluent’s weir level. However, practical decisions should take 
into account factors such as raw water characteristics, filtration velocities, and the feasibility 
of including hydraulic cleaning facilities in planning the HGF units.
initial headlosses in vertical-flow CGF units filtering at 0.3 mh'1 were very low in this study. 
Pardon (1989) did not detect measurable headlosses in DGFS units filtering at 0.3 mh'1 and 
processing settled river water with turbidities in the range 20 to >300 NTU. During 1st and 2nd 
test periods I and II of the present study, headlosses were practically the same in 1st and 3rd 
compartments of DGFS. During test period III headlosses became highest in the 3rd 
compartment (DGFS3) with respect to DGFS-i and DGFS2, showing at the same time the 
highest individual removal efficiencies in turbidity, faecal coliforms and colour. However, 
during test period IV this 3rd compartment required earlier more frequent PCA than the other 
two compartments (see table 3.26). This evidence suggests that appropriate application of 
water treatment concepts (section 1 .2) should look not only for a good balance in sharing 
required removal efficiencies between treatment units (or stages) but also in obtaining a 
good balance in O&M requirements between them.
Both UGFS2 and DGFS2 had consistently the lowest headlosses and mean removal 
efficiencies for SS, turbidity, and faecal coliforms in their respective CGF lines during all 
tested periods. These findings indicate that better design criteria are necessary in packing 
the gravel beds of 2nd and 3rd compartments of UGFS and DGFS to obtain a more balanced 
distribution between removal efficiencies and O&M requirements in these CGF lines.
Final headlosses (before PCA) in all CGF units became gradually higher and more difficult to 
recover during test period IV, making it necessary to increase PCA’s frequency. However, 
PCA was not so effective in some of the units at the end of this period as they were in the 
previous ones in dislodging all the units, this may be due to a deeper penetration of solids 
load into gravel bed at the end of test period IV.
Headloss developm ents in CGF units. Figure 3.22 presents headloss data from the last 
filtration run observed in the UGFL during test period I (N°6), with PCA once a month and 
filtration run N°37 in UGFL from test period IV, PCA had frequency of once a week. 
Headlosses along gravel beds are presented for different running days (RD) during each 
filtration run. Figure 3.22 also includes cumulative (%) headlosses along gravel beds at the 
end of each filtration run. By the end of filtration run N°6 (filtration rate 0.3 mh'1), headlosses 
were small (close to 6 cm) and concentrated mainly (80%) at the bottom (40%) and top 
(40%) gravel layers. During run N°19 (filtration rate 0.6 mh'1) UGFL became almost an “ideal"
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deep bed filter (data not included in figure 3.22) with uniform headlosses distribution along 
the whole filter bed. At the end of filtration run N°37 (filtration rate 0.75 mh'1), headlosses 
were high (close to 50 cm) but only 20% were taken place at the bottom and top gravel 
layers. Therefore PCA, based on surface shovelling and bottom drainage (table 3.2), were 
more or less successful until headlosses became concentrated in one of the intermediary 
gravel layers (period IV), between piezometers P2 and Pi (see figure 3.9).
Note: Piezometer distribution for the upflow gravel filtration in layers (UGFL) unit is illustrated in figure 3.9. Piezometer (P5)
is at the bottom of gravel bed and GS denotes the upper gravel surface
Figure 3.22. UGFL headloss developments along gravel bed depth in different running days 
(RD) of filtration runs N°6 (A,) and N°37 (B,). Cumulative (%) headloss along 
gravel bed depth at the end of filtration runs N°6 (A2) and N°37 (B2)
Figure 3.23 presents headloss data from the 1st compartment (UGFSi) of UGFS. Headlosses 
at the end of filtration run N°6 (filtration rate 0.3 mh'1) were very low (<1 cm) and 
concentrated mainly at the bottom (70%), between P5 and P4 (figure 3.21), and top (20%), 
above P1t gravel bed fractions. During test period IV (filtration run 27 at 0.75 mh'1) UGFSi 
was performing almost as an “ideal” deep bed filter but starting to present limitations to 
recovering the initial hydraulic head with the PCA used during the present study.
DGFSi had cumulated only 0.5 cm of headlosses at the end of filtration run N°6, 60% of 
them concentrated at the top gravel bed layer measuring 65 cm. At the end of run N°19 (final 
run of test period III) headlosses became close to 6 cm with 50% of them concentrated in the 
top gravel bed layer. In contrast, during the same run (N°19) headlosses in UGFS! were 9 
cm, taken place mainly at the bottom (around 80%), close to the drainage system of the unit. 
At the end of test period IV, DGFS! unit had cumulated headlosses of 36 cm, mainly
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concentrated in the intermediary gravel layers. Surface and bottom cleaning activities used in 
this study allowed overcoming some of the previously identified limitations of DGF originated 
from the necessity of transporting stored sludge in the upper part of the gravel bed to the 
drainage system during hydraulic cleaning (e.g. Fox, 1990; Collins et al, 1994).
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Note: Piezometer distribution for the first unit of upflow gravel filtration in series (UGFSi) unit is illustrated in figure 3.9.
Piezometer (P5) is at the bottom of gravel bed and GS denotes the upper gravel surface
Figure 3.23. Headloss developments along gravel bed depth in the first compartment of 
UGFS (UGFS!) in different running days (RD) of filtration runs N°6 (Aft and N°27 
(Bft. Cumulative (%) headloss along gravel bed depth at the end of filtration 
runs N°6 (A2) and N°27 (Bft
In summary, headloss development in vertical flow CGF units seems to have a pattern. 
Removed solids initially cumulate mainly at the bottom (in UGF) or top (in DGF) gravel 
layers. Gradually (with higher filtration rates during the present experience) removed solids 
(headlosses) become more evenly distributed along the gravel bed. Finally headlosses tend 
to concentrate in intermediary gravel layers where the PCA used in this study are less 
effective. Comparing all vertical flow CGF options included in this study, this headloss 
development pattern is fastest in UGFL and slowest in UGFS. More frequent and efficient 
application of the PCA should defer the need for total cleaning, which nevertheless becomes 
unavoidable after some years of continuous operation of CGF units.
Initial drainage velocities during partial cleaning activities o f CGF units. During this 
study initial drainage velocities were in the range 15 to 20 mh'1, combined with sequential 
opening and closures of drainage valves to induce changes in the flow pattern inside the 
lower part of the gravel beds. Pardon (1989) reports higher initial drainage velocities, in the 
range of 60 to 90 mh'1. In full-scale studies in Peru with DGFS and HGF, he reported 
cleaning efficiency of stored solids of 21% in DGFS and 40% in HGF. After socio-economic
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and operational considerations Pardon (1989) advised the exploration of alternative PCA 
with lower drainage velocities. Collins et al (1994) reported drainage velocities in the range of 
10 to 37 mh'1 in hydraulically cleaning DGF and UGF pilot units with overall cleaning 
efficiency of stored solids of only 6.4% removed in DGF and 32% removed in UGF. They 
also made changes to flow patterns inside the gravel beds by changing drainage velocities in 
their procedure.
3.2.4.3. Run lengths, headlosses, and Silt test in SSF units
Run lengths and productivity in SSF units. Run lengths between partial cleaning activities 
(scraping) were determined by maximum hydraulic head (0.8 m) available at SSF pilot units. 
During the first two test periods SSF units had a filtration rate of 0.10 mh'1 and run lengths in 
a range from 26 (for SSF2) to 51 days (for SSFJ. SSF run lengths during test periods III and 
IV are summarised in figure 3.24. These results suggest that to obtain mean run lengths 
above 30 days SSF units operating at 0.15 mh'1 should have influent SS, turbidity, and total 
iron concentrations with mean values lower than 2 mgl'1, 8 NTU, and 0.3 mgl'1 respectively, 
as shown in the table included in figure 3.24. However, other factors such as nature and size 
of particles, water temperature, nutrient levels, solar radiation, and O&M practices will also 
influence final results at local level. Those SSF units receiving poorer quality water may show 
higher removal efficiencies in some water quality parameters but will require higher O&M 
activities.
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■ Susp. solids (mg/l) DTurbidity (NTU) ORun length (days)
Parameter Statistics UGFS UGFL MHGF HGF DGFS
Suspended Solids (mgl'1) 
Turbidity (NTU)
Mean (SD) 1.6(1.9) 4.0 (3.7) 3.5 (3.5) 1.5(1.9) 19(2.2)
Mean (SD) 7.3 (7.7) 13.0(13.5) 11.9(14.1) 5.8 (5.6) 8.3 (7.7)
SSFi SSFa(1) s sf3 (1) SSF4(1) SSFs
Run length (days)
Mean (SD) 
Minimum 
Maximum 
N (Data)
30.4 (6.6) 
23 
50 
14
24.3 (6.2) 
13 
37 
19
23.7(7.5)
15
40
18
37.4 (8.5) 
27 
53 
10
33.2 (5.7) 
28 
45 
13
(1) These SSF units were taken out of operation earlier due total cleaning activities in their CGF lines
Figure 3.24. Run lengths of SSF pilot units operating at 0.15 mh'1. December 1991 -April 1993.
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SSF2 (after UGFL) and SSF3 (after MHGF) presented minimum run lengths of 13 and 15 
days respectively. SSF! (after UGFS) and SSF4 (after HGF) reached maximum run lengths of 
50 and 53 days respectively. Therefore, SSF2 had the lowest productivity (47 m3 per m2 of 
filtering surface area) in a run while SSF4 reached the highest (191 m3m'2) in a run. SSF units 
processing low turbidity surface waters in the USA had a water production in the range 112 
to 650 m3m'2 during filtration runs lasting from a week to a year with an average value around
1.5 months (Letterman, 1991).
Headloss developm ents in SSF units. Examples of headloss developments are shown in 
figure 3.25. Typically, headlosses in SSF pilot units at Puerto Mallarino developed initially an 
approximately linear shape, and later they took on an exponential shape (figure 3.25-A). This 
figure shows that in the first 80% of the SSF run length headloss developed around 40% of 
the total available hydraulic head and the remaining 20% of run length resulted in another 
60% of headloss. Figure 3.25-B shows an exponential headloss development of a SSF unit 
at Ashford Common in London (Woodward and Ta, 1988). Around 35% of headloss 
developed in the last 20% of filter run length.
With results like those shown in figure 3.25 and similar findings with full-scale projects in 
Colombia it seems that the supernatant water layer heads in “conventional” SSF units could 
be reduced with little impact on running cost. Traditional supernatant water heads in the 
range 0.9 to 1.5 m (see table 2.4) could be reduced to values in the range 0.6 to 0.8 m, 
depending on local conditions. This recommendation would be more relevant in those 
development programmes in which running costs (mainly labour) are less critical than initial 
capital investment.
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Figure 3.25. Typical headloss developments throughout SSF runs. A-SSF! at Puerto 
Mallarino, September 18 to November 5 1992, and B-SSF9 at Ashford 
Common Works, October 2 to December 31 1986 (Woodward and Ta, 1988).
S ilt test in SSF units. Silt test results of sand samples taken from SSF filter bed surfaces 
before and after partial cleaning (scraping) activities during test periods II, III, and IV are 
summarised in table 3.28. During test period II SSF units were operating at 0.1 mh'1. Silt test 
results from sand samples before scraping seem to have a tendency to increase from period 
II to III. Then they decrease from period III to IV, but at a slower rate in SSFi (after UGFS)
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than in sand samples from other SSF units. This tendency is similar in the sand samples 
taken after scraping the SSF units although less intense. Silt test values obtained at the end 
of SSF runs in this study were all >20%, the value reported by Lloyd (1974) for filter skins 
before scraping procedures. Only SSFt was around this value during test period II. All SSF 
units in this study, except SSF4 (after HGF), had silt test results at the beginning of SSF runs 
<5%. During test period IV SSF4 was the only SSF unit showing silt test values <5%.
Table 3.28. Silt test (silt volume/sand volume) results (%) in samples collected from sand 
bed surface of SSF units at the end (before scraping) and the beginning (after 
scraping) of filtration runs.
Period Mean ± SD before scraping Mean±SD after scrapingSSFi s s f 2 SSFj SSF4 s s f 6 SSFi s s f 2 SSFj s s f 4 SSFs
II 21 ± 12 23 ± 6 24 ± 12 40 ± 41 ± 12 3 ± 1 5 ± 2 3 ± 1 6 ± 1 3 ± 1
III 34 ± 13 45 ± 17 52 ±22 39 ± 5 43 ±27 5 ± 2 6 ± 2 6 ± 2 6 ± 2 6 ± 2
IV 33 ± 7 37 ±8 36 ± 10 31 ±8 33 ±8 6 ± 3 7 ± 2 7 ± 4 5 ± 2 8 ± 4
These results, like those found when comparing mean turbidity removal efficiencies and 
headloss developments in CGF units, suggest that UGFS develops headloss and becomes 
more stable faster than HGF and DGFS. But on medium or long-term basis HGF and (less 
clearly) DGFS seem to become more efficient, protecting their SSF units better. However, 
both “conventional" HGF and DGFS seem to require more frequent total cleaning cycles.
3.2.5. Specific studies on CGF lines working in series with SSF units.
Based on the previous results more specific studies were made to improve our 
understanding and the design criteria for CGF working in series with SSF units, during the 2nd 
phase of this study. Parts were carried out with the participation of M.Sc. students. Those 
studies aimed to compare HGF with UGFS are included in this section. In general, during the 
1st phase, HGF did not perform better than UGFS. despite having longer theoretical hydraulic 
retention time (T0). This suggests the possibility of improving its hydraulic behaviour and 
removal efficiencies by dividing its main compartment into smaller units operating in series 
(HGFS), following the theory of hydraulic behaviour of reactors (Hudson, 1981; Galvis and 
Perez, 1985). The present comparison includes aspects of treatment efficiency, hydraulic 
performance and operation and maintenance requirements. Changes were made in the MSF 
pilot system to carry out these more specific studies. They are shown in figure 3.26. Three 
horizontal flow compartments hydraulically independent and working in series (HGFS) 
replaced the MHGF line.
Gravel bed changes were also made aiming to test the CGF lines under higher filtration rates 
or contamination levels than those tested in the previous phase of this study. Total gravel 
bed lengths were kept similar to those used in previous phase but thicker gravel bed layers in 
the smaller size ranges were packed into the CGF units. The new HGFS line was packed 
with gravel bed layers having gravel size in the same ranges as those used in UGFS. Table 
3.29 summarises gravel size ranges and layer lengths used in the CGF lines included in 
these additional studies.
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Figure 3.26. Schematic view of MSF pilot system used to compare UGFS, HGFS, and HGF.
The HGF line was optimised by including a drainage system consisting of manifolds and fast 
opening drainage valves in each compartment, similar to drainage facilities included in the other 
CGF units. Whereas other water quality parameters were measured following the sampling 
frequency and analytical procedures described in section 3.1 these studies concentrated on 
suspended solids, turbidity, and faecal coliform removal.
Table 3.29. Gravel bed specifications for CGF lines during specific studies. 1994-1996.
Parameter UGFS<1) HGFS{2) HGFW
UGFSi UGFS, UGFS, HGFS, HGFS, HGFS, HGF, | HGF, [ HGF,
Gravel size 
ranges (mm) Gravel layers length (m)
19-25 0.30 0.15<3) 0.10(3)
13-19 1.25 0.15 0.10 2.1 3.27
6 -13 0.625 0.10 1.15 0.1 2.32
3 - 6 0.625 0.10 0.6 1.0
1.6-3 1.15 0.55 0.55
Useful bed 
length (m) 1.55 1.40 1.45 2.1 1.15 1.15 3.27 2.32 1.55
Total useful 
bed length (m) 4.40 4.40 7.14
(1) Both UGFS and DGFS had 3.14 nrY cross sectional area
(2) Both HGFS and HGF had 1.57 m2 cross sectional area
(3) The main role of this layer, placed before finer gravel layers in the flow direction, is to support the useful
gravel layers.
The water volumes used for optimised partial cleaning activities (OPCA) were measured. The 
water volumes for cleaning were established on the basis of a weekly hydraulic cleaning and 
one more intense monthly cleaning. Weekly cleaning consisted of opening and closing the fast 
drainage valve ten times and then leaving it open until effluent water became clear. In the 
monthly cleaning, this procedure was repeated twice and also the top gravel layers of UGFS 
units were moved with a shovel until the upflow wash water was clarified. Wash water volumes 
used during OPCA were expressed in m3 per m2 of gravel bed (m3.m'2).
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Step dose tracer tests were made at the beginning and the end of three monthly filter runs to 
establish the hydraulic performance of the CGF lines. Sodium chloride was used as a tracer. A 
calibration curve for conductivity and sodium chloride was made to decide on the concentration 
dose (included in Annex 5). Concentration doses around 200 mgl'1 of sodium chloride were 
used. A WTW-LF 96 conductivity meter was utilised for measurements. Theoretical hydraulic 
retention times (T0) in CGF lines were estimated to be 5.1 h for UGFS, 5.7 for HGFS, and 6.9 
for HGF, including inlet and outlet structures as well as supernatant water layers in UGFS. The 
continuous tracer dose (C0) was applied at the inlet weir of each CGF line. Influent integrated 
water (Q), and CGF effluent (Ce) conductivity levels were monitored frequently for twice the 
theoretical hydraulic retention time (T0).
The net effluent conductivity levels (Cn = Ce - Q) in the effluent CGF lines were obtained as a 
function of elapsed time (t) from the beginning of the tracer test. The fractions of water 
discharged from the CGF lines as a function of t (F (t)) were calculated as Cn (t) divided by Cn at 
the end of the test, when Cn became practically constant. The fractions of water remaining 
inside the CGF line at time t were calculated as 1- F (t). Water fractions discharged from the 
CGF lines between 50%< t/T0 <150% were then calculated as the difference between remaining 
fractions at t/T0 = 50% and t/T0 = 150%. By comparing these practical results with theoretical 
fractions discharged from different numbers of virtual complete mixed reactors in series (Annex 
5) CGF lines can be expressed as an equivalent number of them. The higher the number of 
reactors, the closer the water distribution approaches a plug flow pattern which ensures the best 
hydraulic behaviour and the most equal detention time for the total water flow (Hudson, 1981; 
Galvis and Perez, 1985; Clark, 1996).
3.2.5.1. Removal efficiencies on CGF lines working in series w ith SSF units
During these additional studies (April 95 to June 1996) CGF lines were set to run at 0.7 mh'1. 
Table 3.30 summarises water quality changes observed at the end of main treatment stages 
during this period. UGFS showed the highest mean removal efficiencies of all CGF lines. In 
suspended solids, 97% against 94% removal for both HGFS and HGF. In suspended solids, 
97% against 94% removal for both HGFS and HGF. In turbidity 78% against 64% for both 
HGFS and HGF. In faecal coliform 99.6% against 96.1% for HGFS, and 95.3% for HGF.
In common with rapid filtration (figure 2.5), and as discussed earlier in section 3.2.4.2, CGF 
technology tends to show higher mean removal efficiencies of turbidity and other 
contaminants after having stored some solids across the entire flow area. During 1st phase 
test periods it seems that HGF line (without PCA) benefited from stored sludge, showing 
similar removal efficiencies to UGFS. During this complementary study with all the CGF lines 
having OPCA, UGFS develop in a short time higher headlosses (solid deposits) than HGF 
alternatives. This rapid headloss development seems to benefit UGFS to show higher 
removal efficiency than HGF alternatives. With a statistical significance of 1% it has been 
established that the performance of UGFS is better than the other two alternatives, whereas 
no significant difference exist between HGFS and HGF. These results also indicate that 
"conventional" HGF can be hydraulically optimised without reducing its efficiency. However, 
in spite of these differences in mean removal efficiencies all pretreatment lines may be
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adequate from a water quality improvement view. Still, In those local conditions in which the 
cost of the gravel beds are relatively high UGFS, and HGFS may be better CGF alternatives.
Table 3.30. Descriptive statistics for water quality changes in CGF lines and SSF units. April 
1995 June 1996.
Statistics Raw water Int.'1’.water
Line 1 Line 2 Line 3
UGFS SSFi HGFS s s f3 HGF ssf4
Suspended Solids (mgl'1)
Mean 140 59 1.5 0.2 3.4 0.2 3.6 0.2
SD 106 59 2.4 0.2 4.5 0.3 4.8 0.3
Minimum 19 4 0.1 0.1 0.1 0.1 0.1 0.1
Maximum 550 332 13 1.1 25 1.9 24 1.9
Data (N) 79 79 79 79 79 79 79 79
Turbidity (NTU)
Median 64 45 10 2.9 16 3.5 16 3.9
Mean 92 67 13 4.3 20 5.5 20 5.9
SD 88 66 10 4.2 15 4.9 15 7
Minimum 14 10 2 0.4 3 0.7 3.1 0.4
Maximum 760 450 56 25 76 32 84 91
Data (N) 362 362 362 362 362 362 362 362
Faecal Coliforms (CFU/100 ml)
Mean 94,392 40,329 157 5.3 1,557 4.8 1,883 8
SD 57,020 33,034 86.7 10 2,136 13 2,577 11.5
Minimum 7,300 2,800 21 0 102 0 148 0
Maximum 320,000 175,000 402 68 14,700 91 16,200 59
Data (N) 59 59 59 59 59 59 59 59
(1) Integrated water after DyGF
3.2.5.2. Hydraulic perform ance o f CGF lines.
Hydraulic performance of UGFS, HGFS and HGF was studied at the beginning and end of three 
CGF runs during the period May 23 to August 8 1995. Six tracer tests were performed. 
Comparisons were made between the fraction of water discharged during 50% < t/T0 <150% 
from each CGF line, and from different numbers of (virtual) completely mixed reactors in series. 
The best matches were used to characterise the CGF lines. The results are summarised in 
table 3.31. Annex 5 includes an example of data analysis based on results obtained from the 4th 
tracer test, at the end of the 2nd tested filtration run.
Table 3.31. Number of (virtual) completely mixed reactors in series performing hydraulically 
similar to UGFS, HGFS, and HGF lines (Based on Ochoa, 1996; Galvis et al, 
1996)
Test run Testw No. of reactors
UGFS HGFS HGF
1 1 13 9 5
2 14 10 3
2 3 9 9 4
4 10 12 4
3 5 6 3
6 9 7 3
(*) Tests 1, 3 and 5 were conducted at the beginning of filtration runs and tests 2,4 and 6 at the end of filtration runs. 
(**) During this test run water flows were interrupted.
Due to problems of flow interruptions with the UGFS line during test 5, the results obtained in 
this line at the beginning of the 3rd filtration run are considered not relevant. Clearly the 
hydraulic performance of UGFS and HGFS lines is better than the HGF line. The equivalent 
number of (virtual) completely mixed reactors in series is from 9 to 13 for UGFS, from 6 to 12
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for HGFS and from 3 to 5 for HGF. These results seems to validate the hypothesis stated 
earlier (section 3.4.2.2) suggesting that poor hydraulic performance of MHGF line could be 
one of the reasons behind its lower removal efficiencies with respect to other CGF lines 
having similar gravel bed lengths than MHGF line but with units working in series.
Those HGF studies performed with long, narrow (15 to 20 cm diameter (<j>)) filtering pipes 
(e.g. Wegelin, 1986; Collins et al, 1994; Ahsan, 1995) seem to be irrelevant with respect to 
the hydraulic behaviour of full scale units. Hydraulic behaviour of these bench or pilot scale 
filtering cells with low <|>/length ratios should be better than full-scale units with rather high 
<j>/length ratios. Therefore, contaminant removal and cleaning efficiencies at real scale may 
be lower than expected after studies with inappropriate pilot facilities.
3.2.5.3. Operation and m aintenance aspects o f CGF lines
Headloss developments in the CGF lines are shown in table 3.32. The initial mean values 
were obtained from measurements made after monthly PCA. The maximum mean values were 
obtained from measurements made before monthly PCA. Headloss developments in the HGFS 
and HGF lines are very high in the first section, which seems to be in line with the hydraulic 
performance of these systems. It was noted that recuperation of initial headloss values was very 
good implying that filter cleaning is rather effective. In spite of gravel bed changes made before 
these additional studies, headloss in the 2nd compartment of UGFS line is limited, suggesting 
that this unit does not contribute as much as the other two in suspended solids removal. This 
requires further review as it may offer an opportunity for optimisation of the system, but it should 
then also be established what the effect on treatment efficiency for example for faecal coliforms 
and other parameters is brought about by this second unit.
Table 3.32. Typical headlosses at the beginning and end of filter runs in CGF units (Based 
on Ochoa, 1996; Galvis et al, 1996)
Type of 
values
Water headlosses (cm)
UGFS HGFS HGF
UGFSi UGFSa UGFS3 HGFSn h g f s 2 HGFS3 HGFi h g f2
Initial value 3 1 1 3 0 0 1 0
Final value 35 7 26 11 1 1 11 0
Drainage velocities and water volumes used for filter cleaning. Mean drainage velocities in 
CGF were as follows: 9.1 m3m'2h‘1 for UGFS, 24.5 m3m'2h'1 for HGFS and 16.3 m3m'2h'1 for 
HGF, with drain valves located in the range 0.9 m to 1.4 m below the bottom of CGF units. The 
high solids load at the end of filtration run in UGFS seems to be hindering high drainage 
velocities. Table 3.33 presents mean water volumes required for filter cleaning expressed per 
square meter of filter surface area. The monthly total for three short weekly hydraulic cleanings 
and one extensive cleaning is lowest for the UGFS with 2.2 m3.m'2, whereas the HGFS requires
3.4 m3.m'2 and the HGF 2.7 m3.m'2. The higher value for the HGFS in series may be the result 
of an inconvenience in the design, which made use of the previous MHGF structure, resulting in 
some influence on the drainage volume of the sections in between the units.
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Table 3.33. Water volumes required for optimised partial CGF cleaning activities.
Type of cleaning Water volume (m3m'2)
UGFS MHGF HGF
Weekly 0.3 0.6 0.6
Monthly 1.3 1.6 0.9
Total volume per month w 2.2 3.4 2.7
(*) Total of three weekly and one month cleaning
3.3 General D iscussion
Points of discussion about CGF Identified in the literature review (Chapter 2) are 
reconsidered in this section, based on the results presented. This general discussion is 
focussed on identifying criteria for selecting MSF main treatment stages based on the 
experience of processing Cauca River water at pilot scale. Discussion of water treatment 
concepts and performance objectives in MSF plants will be made in chapter six after 
reviewing experiences at full scale in chapter four.
3.3.1 Dynam ic gravel filtration (DyGF)
DyGF was initially proposed by the author and further developed during this study. The potential 
of DyGF to protect subsequent treatment stages from high solids loads, and contribute in 
improving the overall water quality in MSF plants, was verified in this pilot scale study. The 
“protection capacity” of DyGF, as proposed in this thesis, originates from the combined effect of 
removal of contaminants by the filter media and reduction of flow during filtration runs.
Initial filtration rates in the range 1 to 3.7 mh'1 were found to be appropriate from both 
protection capacity and O&M requirement viewpoints. Lower filtration rates, around 1 to 2 mh'1, 
will produce higher mean removal efficiencies and longer partial cleaning cycles (PCC) but, 
shorter total cleaning cycles (TCC), slower reaction to SS peaks, lower water productivity, and 
higher capital investments than higher filtration rates. These lower velocities seem to be the 
option only in those cases in which overall water quality improvement is the priority. However in 
the Andean Region context, DyGF being the first stage in MSF treatment plants, the author 
recommends higher filtration rates, around 2 to 3 mh'1. This gives priority to longer TCC, quicker 
reaction to SS peaks, and lower capital investment. These higher filtration rates require frequent 
partial cleaning activities (PCA), at least twice a week when processing Cauca River Water. 
Besides, filtration rates in the range 2 to 3 mh'1 still leaves some room for higher velocities (up to 
around 4 mh'1) during PCA or TCA in one of several DyGF units running in parallel.
Maximum filtration rates. DyGF units with extremely high filtration rates (> 4.8 mh'1 in this 
study) will have low removal efficiencies but more importantly, they will require frequent TCA 
due to the high proportion (> 50% in this study) of sludge penetrating into the lower gravel 
layers. Therefore, in the absence of specific studies with other water sources at local level, the 
author recommends maximum filtration rate < 4 mh'1. TCA are labour demanding and may 
nullify the sustainability of the treatment system. Furthermore, the low investment cost in the 
DyGF stage, between 6 and 8 % of the cost of a MSF plant (table 5.7 in chapter 5, section 
5.7.1), does not seem to justify the application of higher filtration rates.
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Constant and declining filtration rates. Surface velocities up to 0.2 ms'1 did not play any role 
in improving SS removal efficiencies, neither contributing to reduce PCA frequencies by 
scouring, nor transporting away previously removed solids on top of the gravel bed of DyGF 
units. Therefore, overflow can be eliminated as a major hydraulic element in DyGF operation, 
but retaining a shallow overflow weir, with its crest around 2 to 5 cm above the top gravel layer, 
at the end of the filtering box. DyGF built with this innovation will work at a constant filtration rate 
until headloss becomes greater than the height of the weir. Afterwards the units will work at 
declining filtration rate. Observations at local level are recommended to adjust the height of this 
weir in such a way that effectively responds as a “safety valve" by allowing overflow in the 
presence of peaks of SS, keeping the possibility of applying the protection capacity concept.
Gravel bed. In spite of the risk of filter media intermixing during TCA, a stratified gravel bed 
seems to be a better option in DyGF for having faster reactions during abrupt water quality 
changes and reducing sludge penetration into gravel bed and TCA frequency. The installation of 
strong plastic mesh between gravel bed layers is recommended to facilitate excavation activities 
without filter media intermixing. Furthermore, sieving tools should be available at MSF plants to 
select gravel bed layers after TCA activities of CGF stages.
Cleaning frequency. Based on the experience with Cauca River water, DyGF requires frequent 
PCA (surface raking and fast bottom drainage) around twice a week and TCA (gravel bed 
excavation, cleaning and replacement) around once every three months.
3.3.2 Coarse gravel and slow  sand filtration
After the 1st comprehensive comparative study of CGF options working in series with SSF units 
the following points are highlighted. Before doing so it should be noted that CGF lines included 
in the MSF pilot system were set to work at constant filtration rate and did not benefit from the 
declining filtration rate effect of DyGF. Still CGF lines did benefit from important reductions in 
mean and peak SS values accomplished by the DyGF stage.
Maximum SS concentration as design criteria. Based on the protection capacity shown by 
DyGF during this study, it is not advisable to use maximum SS concentration in raw water to 
dimension the 2nd CGF stage as recommended by Wegelin and Mbwette(1989). Consequently, 
having DyGF as the 1st filtration stage, smaller and cheaper CGF units can be projected to deal 
with sharp peaks of solids, which are common in small Andean rivers.
SS concentration before SSF. The potential of all CGF lines to remove SS was verified during 
this study. During the last two test periods (phase I) all CGF lines produced mean SS levels < 5 
mgl'1 but only those SSF units (after UGFS, HGF, and DGFS) with influent mean and SD values 
< 2 mgl'1 had mean run lengths > 30 days. Consequently SS concentration < 2 mgl'1 seems to 
be an acceptable guideline for water to be treated by SSF units. Due to the possible limitations 
of local organisations to perform SS measurements with clear water samples, turbidity levels 
below 10 NTU should be a more practical criterion. Additionally, filterability tests should also be 
done to enrich the practical meaning of either SS or turbidity measurements.
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Microbiological water quality improvement. The great capability of CGF working in series 
with SSF to reduce microbial contaminants was clearly established beyond limits previously 
reported in the specialised literature. Mean removal efficiencies up to 5.6 log units were 
observed with CGF stages contributing as much as the SSF stage. During the 1st three test 
periods (CGF rates < 0.6 mh'1), and after a month of "maturation” for indicator bacteria, all 
samples taken from the effluents of the UGFS + SSF-i line had coliform levels inside available 
guidelines for small water supply systems before terminal disinfection as a safety barrier. During 
test periods II and III all CGF lines working in series with SSF units were practically within the 
guidelines but only 2% of the samples taken from the effluent of the UGFL + SFF2 line. 
Therefore, for CGF rates up to 0.6 mh'1 and SSF rates up to 0.15 mh'1, all CGF + SSF lines 
produced effluents with low microbial risk (mean < 3 and maximum < 25 CFU/100 ml). These 
results open the possibility of terminal disinfection as a safety barrier after MSF processing 
water even from highly polluted water sources.
Turbidity removal. The individual removal efficiencies for turbidity in the CGF stages were all in 
the range of 43 (UGFL, period II) to 80% (UGFS, period I), which is a normal range taking into 
account values reported in the literature. In spite of these removal efficiencies CGF lines did not 
produce effluents consistently < 1 NTU. However, After period I, with the highest raw water 
turbidity values (mean 109 and SD 109 NTU), SSF units produced turbidity values < 5 NTU in 
85 to 99% of the samples. During test period III (mean raw water turbidity of 55 and SD of 52 
NTU) 27 to 65 % and 65 to 84% of samples collected in CGF effluents had turbidity < 5 and < 
10 NTU respectively. During the same period 48 to 61% and 98 to 99% SSF effluents had 
turbidity < 1 and < 5 NTU respectively. Therefore, despite the low microbiologically sanitary risk 
reached with the MSF pilot plant system, around half of the time turbidity values were above the 
desirable level (<1 NTU) although most of the time within the acceptable limit of 5 NTU. In this 
respect Bryant et al (1992) emphasise that
"When alternatives to conventional rapid filtration process are considered, it is important to recognise 
that relationships between filtered water turbidity and removal of pathogens are frequently not as 
strong as for the alternatives to rapid rate filters.... In particular, while very high levels of turbidity 
removal appear to be necessary for rapid sand filters, SSF can achieve desired levels of Giardia 
removal at turbidities greater than 1 NTU. As a consequence, the pathogen removal effectiveness of 
SSF should not be compared on the basis of turbidity”.
Colour removal. Cumulative colour removal in MSF pilot system was in the range 78 to 92% 
with CGF stages contributing in the range 36 to 69%. All SSF effluents had colour levels < 15 
PCU in at least 83% (the lowest frequency for SSF2 after UGFL during period IV). During period 
III 100% of samples taken from all SSF effluents had colour < 15 PCU. Therefore, the 
combination of CGF and SSF is proving to be effective in removing natural organic matter, as 
measured by colour, and to have a great potential for reducing the concentration of oxidation 
by-products after terminal chemical disinfection.
Terminal disinfection. The significant removal of natural organic matter in CGF + SSF lines, as 
measured by colour, volatile solids and COD, in addition to the great reductions in iron and 
manganese also observed in this study, should contribute towards establishing low dose 
chemical disinfection as a terminal safety barrier.
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The efficiency levels summarised before should not be directly used for design purposes as 
some specific characteristics of the raw water such as the high iron content may contribute to 
the high efficiency. In this respect it is important to stress that in areas where limited 
experience exists with MSF it is very important to be somewhat conservative in the design to 
avoid possible failures through overloading which may put in jeopardy the whole idea of the 
provision of good quality drinking water.
Headlosses in HGF units. “Conventional" HGF without hydraulic cleaning facilities showed a 
headloss close to 15 cm after 2.1 years of continuous operation processing Cauca River water. 
Based on this experience the author recommends filling filter material to 20 cm above the 
effluent’s weir level. This value is higher than the value of 10 cm suggested by Pardon (1989) 
but lower than the range of 30 to 40 cm advised by Wegelin and Mbwette (1989) and Wegelin 
(1996).
Headlosses in vertical-flow CGF. Vertical-flow CGF alternatives had higher total headlosses 
than horizontal flow CGF options. The highest headloss value during monthly PCA was reached 
by UGFL (46 cm) followed by UGFSi (26.4 cm) and DGFS! (25.7 cm). A headloss development 
pattern by the end of filter runs (before monthly PCA) of vertical flow CGF options was identified 
during this research work. Initially (at the end of the first filter runs), headloss takes place mainly 
at the bottom (in UGF) or top (in DGF) gravel bed layers. Gradually (with more filter runs) it 
becomes evenly distributed through the filter bed. Finally it concentrates mainly at an 
intermediate gravel layer around 30 cm thick (total gravel bed depth used was 1.5 m per CGF 
unit). During the comparative study at Puerto Mallarino, this headloss pattern developed fastest 
at UGFL, and slowest in UGFS, with DGFS having an intermediate development rate. Based on 
this experience the following recommendations are made:
• To have energy available for maximum headlosses (before TCA) it is recommended to design CGF 
units with the following available hydraulic heads: 45 cm for UGFL, 30 cm for UGFSi and DGFSi, and 
20 cm for UGFS2,3 and DGFS2,3.
• To have longer periods between TCC (total cleaning cycle) in CGF, it is necessary to reduce sludge 
penetration into intermediary gravel bed layers. Consequently, it is advisable to increase from once a 
month to at least once a week the PCA used during the 1st phase of this study. In the case of UGFL 
and DGFS this frequency should include both surface shovelling and bottom drainage PCA. In the 
case of UGFS weekly frequency could include only bottom drainage followed by surface cleaning 
twice a month.
• To have good dislodging impact with PCA total gravel bed depth inside each vertical flow CGF unit 
should be lower than 1.2 m. Gravel bed depth in the range of 0.9 to 1.2 m seems to be desirable to 
keep a good balance between removal efficiencies and gravel bed-cleaning requirements.
• To improve the impact of bottom drainage in dislodging the units initial drainage velocities could be 
increased from the range 10 to 25 mh'1 used in the present study, to the range 20 to 30 mh'1. 
Changes in flow pattern inside gravel bed by sequential openings and closures of the fast opening 
valve at the beginning of hydraulic cleaning procedure are preferred, instead of using higher drainage 
velocities.
Headlosses in SSF units. An exponential headloss development pattern takes place along 
SSF runs, according to headloss values observed in this pilot study and data reported in the
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specialised literature. Based on this evidence it is recommended that traditional supernatant 
water layer heads in the range 0.9 to 1.5 m (see table 2.4) could be reduced to values in the 
range 0.6 to 0.8 m, depending on local conditions. This recommendation is considered 
relevant in those situations in which running cost (mainly labour) are less critical than initial 
capital investment.
Upflow vs. Downflow CGF options with filter units in series. On the basis of statistical 
analyses UGFS and DGFS provide similar (significance 1%) SS and faecal coliform removal 
efficiencies. UGFS showed better (significance 1%) turbidity and colour removal efficiencies 
than DGFS. However, these differences in mean removal efficiencies seem to be not practically 
relevant for the overall performance of MSF plants. But, considering that UGFS showed slower 
headloss development pattern and longer TCC than DGFS, UGFS would be the preferred 
choice between these two CGF options.
Vertical vs. horizontal flow  options. During the 1st phase of this study UGFL showed one of 
the two lowest mean removal efficiencies of all tested CGF lines, some times being statistically 
the same or even better than MHGF. The shortest filter bed length of UGFL between all tested 
CGF lines easily explains its somewhat lower efficiencies. However, UGFL being the cheapest 
tested CGF option, it should be an alternative to be considered in dealing with less polluted 
water sources than the Cauca River. The less good removal efficiencies of MHGF, having 
similar filter bed lengths to UGFS and DGFS, were initially assumed, and later (during the 2nd 
phase) supported with experimental results, as being related to poor hydraulic performance of 
HGF.
Based on results from the 2nd phase, UGFS seems to be a more suitable CGF option than HGF 
and HGFS, as it presents better mean removal efficiencies and lower cleaning water 
requirements with similar PCA. Therefore, at least for MSF applications with the Cauca River 
water quality, HGF is less competitive than UGFS and probably this conclusion can be 
extended to other situations because of its poor hydraulic performance. The research also 
showed that "conventional” HGF could be improved by establishing a better hydraulic 
behaviour. The HGFS designed during the present study gave good results even though the 
applied design had some limitations, as it needed to make use of the existing MHGF 
infrastructure. So it is felt that further improvements can be made in the HGFS.
Important advantages of “conventional" HGF remain its large silt storage capacity and simplicity 
of construction of the main filter box, which may be beneficial for temporary structures (e.g. 
refugee camps). Then the system can be designed for a limited period of says two years as a 
temporary structure without drainage or other cleaning facilities. Even if this period is too short 
then still the gravel may be removed, washed and replaced or, depending on socio-economic 
considerations, a new system can be built. HGF may also still have some application for 
continuous higher turbidity levels but this requires further review as the advantage of a large silt 
storage capacity may be outweighed by its higher cost as compared to the other alternatives, 
particularly if gravel is costly at local level.
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Surface area o f CGF and SSF units. All MSF treatment stages require frequent cleaning 
procedures, including surface raking (DyGF), shovelling (CGF) or scraping (SSF). 
Consequently, proper maintenance activities are of crucial importance to obtain the potential 
benefits of MSF technology in a sustainable way. In designing this technology it is very 
important to ensure that the operator can do a good job and this implies that treatment units 
should be rather small in size. This may somewhat increase the initial construction cost but 
gives major returns in facilitating operation and maintenance tasks.
3.3.3 Multistage filtration after the pilot system  study at Puerto M allarino
The research results clearly show the potential of combining two-stages of gravel filtration 
(dynamic gravel filtration and different options of coarse gravel filtration) with SSF to treat water 
from a grossly polluted river. This is very important as MSF brings the possibility of providing 
safe drinking water supply closer to many people relying on similar or less contaminated surface 
water sources in the Andean Region, and possibly in other regions of the world. The microbial 
and physicochemical improvements brought about by MSF without the addition of chemical 
coagulants were considerably better than thought possible on the basis of the literature review. 
These improvements could be the result of several factors including the impact of DyGF in the 
subsequent treatment stages, good environmental conditions (such as temperature and 
nutrients), long term monitoring after an initial maturation period, and frequent careful 
maintenance procedures.
All coarse gravel filtration methods (upflow, downflow and horizontal flow) tested in the second 
filtration stage performed very well. It was clearly shown that they not only have a great capacity 
to remove SS and turbidity, which has been the main traditional reason for their development, 
but equally, or even more importantly is their potential to reduce microbial contamination, natural 
organic matter, iron and manganese. Having overcome in great part the combination of high 
and fluctuating levels of microbial, physical, and chemical contamination, a low dose of chemical 
disinfectant seems to be possible wherever it could be accepted and sustained at local level.
Based on the results at Puerto Mallarino, and considering that good engineering practice 
would indicate selecting the alternative with the lowest life-cycle cost, a preliminary selection 
can be made between CGF alternatives included as the second treatment stage in the MSF 
pilot system. Taking into account depth/length of the gravel bed, mean removal efficiencies, 
partial cleaning requirements, and total cleaning cycle lengths, the prime choice is the UGFL 
for the less, and UGFS for the more polluted water sources. The “conventional” HGF 
however, having a larger sludge storage capacity and similar removal efficiencies, may be an 
alternative for surface water high in suspended solids, even though it could be more 
expensive. HGFS tested during this research work might become a better option than HGF, 
but it requires further development and evaluation.
Performance of UGFS can possibly be even further improved and/or cost can be reduced, as 
the headloss development in its second unit is considerably less than in the other two. This 
suggests that the second unit is less important for SS removal. It may however be important 
for the improvement of other water quality parameters, as considered in chapter 6.
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4. MULTISTAGE FILTRATION EXPERIENCES WITH FULL SCALE SYSTEMS
4.1 An O verview  of the Institutions in the W S&S Sector in Colom bia
Until the decade of the 1930s the water supply and basic sanitation (WS&S) sector in 
Colombia was developing at local level, with the participation of private companies, but with 
little involvement of the central government. By the end of this decade the regulation of the 
sector became necessary but difficult due to economic constraints and the limited integration 
of the national territory. In the 1940s the concept of WS&S as a public service was 
established and the state promoted its development through the department and municipal 
levels. During the 1950s two different systems coexisted. The system of the main 
municipalities keeping financial and managerial responsibilities at the local level, and the 
national system attached to the central government, with intermediate and smaller 
municipalities played a passive role. INSFOPAL, Instituto Nacional de Fomento Municipal 
(National Institute for municipal development, including the water sector), was created, with 
offices at department level to interact with the municipal level. During the 1960s the PSBR, 
Plan of Saneamiento Basico Rural (national programme for rural WS&S), was created, 
similar to INSFOPAL, but orientated to small towns (less than 2,500 people) and rural areas. 
PSBR plan was assigned later to INS, Instituto Nacional de Salud (National Health Institute). 
Sometimes, INS made agreements with other organisations at departmental level to delegate 
its programme of work. This was the case with Cauca Valley, in which PSBR was delegated 
to the Departmental Public Health Secretariat. This Secretariat also made agreements with 
other organisations, such as the Coffee Growers Organisation (CGO) of the Cauca Valley 
Department and the Cali Municipal secretariat of Public Health, to develop the PSBR 
programme.
By 1986, catalysed by international trends towards a reduction of the role of the central 
government and the transfer of responsibilities to the local level, a process was initiated to 
abolish the role of both INSFOPAL and INS, because their efficiency was considered to be 
too low. FINDETER, the national financial agency for territorial development was created. 
The decentralisation process and the reforms in the sector were formalised by law 77 in 
1987. This law passed the responsibilities for WS&S to the municipalities for both urban and 
rural settlements. An office was created in the Ministry of Public Works and a Division of 
Water in DNP, Departamento Nacional de Planeacion (National Planing Agency), to provide 
support and guidance to the municipalities. Finally, during the 1990s, the WS&S sector was 
assigned to the Ministry of Economic Development, but the government confirmed the role of 
the Ministry of Health in water surveillance and control. During the 1980s the WS&S sector 
started to move from focusing solely on coverage and quantity to include an emphasis on 
water quality improvement in both existing and new systems (DNP, 1991).
During the 1990s the WS&S sector has reflected all the political changes taking place in 
Colombia under the decentralisation process. The new democratically elected mayors and 
their city councils have been learning how to deal with their new role in WS&S and the 
financial resources being transferred from the central government to the local level. The
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community based organisations and local institutions in small municipalities have been 
learning how to deal with their WS&S systems without having continuous and opportune 
support from well prepared and stable water related institutions. The national regulating 
agency has given priority to medium and large water companies, with rather little attention to 
the small WS&S systems. In this changing and learning environment the author, as Director 
of the Cinara institute of Universidad del Valle, participated in the gradual development and 
implementation of full-scale MSF technology in Colombia.
4.2 Antecedents to Full-scale MSF Plants Monitored during the Present Study
During the last two decades, several international agencies had collaborative research and 
development (R&D) programmes with Andean countries to contribute to improve drinking 
water quality in the region. Some of these agencies supported activities in Colombia, 
including CEPIS/PAHO, based in Peru; IRC, based in The Netherlands; IRCWD/EAWAG 
(later SANDEC/EAWAG) based in Switzerland; and University of Surrey, based in UK. The 
author and his colleagues at Cinara, with the support of the national government and these 
programmes, worked together with local water institutions and community based 
organisations to develop and introduce MSF technology in Colombia.
In 1978, Colombia, through its National Health Institute (INS), entered into the second phase 
of an international research and demonstration project on slow sand filtration (SSF) lead by 
IRC, International Water Supply and Sanitation Centre based in The Netherlands. Two 
demonstration systems were built in Colombia under the umbrella of this project, Puerto Asis 
and Alto de los Idolos (Visscher and Galvis, 1987). Invited by the leaders of this project, the 
author participated in technical visits to existing SSF plants in Colombia (photo 4.1).
Photo 4.1 Failing SSF water treatment plant in Boyacd, Colombia, because of design 
deficiencies and technology transfer limitations to the local level.
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The SSF plants built in Colombia up to the beginning of the 1980s consisted basically of a 
small settling tank working in series with outlet controlled SSF units. Most of these plants had 
similar problems to those previously reported in other Latin American countries (Hespanol; 
1969; Canepa, 1982; Loyd et al, 1988; Pardon, 1989). These problems were related to the 
water quality limitations of SSF technology, mainly turbidity levels, as well as design and 
construction deficiencies, lack of training activities at operational, technical, and professional 
levels, and absence of appropriate support to local organisations running the systems. 
Having identified these problems, it has been a gradual learning process for the author and 
his co-workers to identify, adapt or develop innovations to improve design and transfer 
methodologies of MSF technology in the Andean context of Colombia.
During the first half of 1980s two SSF plants were designed and built in the hilly areas 
around Cali. The first design experience was Chorro de Plata (photo 2.1, included in Section 
2.8.3), a treatment plant for a suburban neighbourhood of Cali, which pays tariffs that cover 
both capital and running costs of the system. The second was La Sirena (photos 4.3 and 
4.4), a treatment plant for a low-income settlement, which pays a tariff to cover running costs 
and minor improvements to the system. Both experiences consisted of DyGF units working in 
series with SSF units. Chorro de Plata, processing low mean turbidity levels (<10 NTU) with 
short (few hours) turbidity peaks is still working, as initially designed. La Sirena, processing 
also low mean turbidity levels during the dry periods, had limitations during the rainy periods, 
when turbidity became >20 NTU during several consecutive days. It took around ten years 
before the community-based organisation of La Sirena, with some support from Cinara, 
obtained financial resources to optimise the system. Now La Sirena is a MSF plant, 
consisting of DyGF (dynamic gravel filtration), UGFL (upflow gravel filtration in layers), and 
SSF, as illustrated in photo 4.5.
During the period 1982 to 1985, the author became involved, as short-term consultant with 
PAHO/WHO, in a Latin American programme orientated to improving drinking water quality 
in the region by training technical and professional staff. As part of the activities of this 
programme, the author learned about the Brazilian (Hespanhol, 1969) and Peruvian 
(Canepa, 1982) experiences with SSF; Argentinean (Arboleda, 1972) experiences with 
dynamic SSF, and the experimental set up with gravel filters in Peru (Perez et al, 1985; 
Pardon, 1989) funded by the British government. By the year 1985, the Cinara institute 
became formally involved in an international project aiming to improve the application of SSF 
technology in Colombia (Visscher and Galvis, 1987; Galvis et al, 1989), including exploratory 
research activities on vertical flow CGF (coarse gravel filtration) alternatives. Three 
experimental systems with bench scale pilot units were built, similar to the one installed in 
Puerto Mallarino (figure 3.3, Section 3.1.2). One was installed in El Retiro, in the south-west 
part of Cali; and two in representative settlements of coffee growers communities (photo 4.2) 
located in the northern part of Cauca Valley Department. These places were selected taking 
into consideration the reasons presented in the following two paragraphs.
By the 1980s and part of the 1990s, The Cauca Valley branch of CGO (Coffee Growers 
Organisation), based on agreements with the Public Health Secretariat of the Cauca Valley 
department, was involved in constructing and supporting activities in around 400 small WS
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systems. All these systems were fed with surface (river/stream) water without treatment. To 
give attention to the national legislation (Decree 2105 of 1983), aiming to improve drinking 
water quality in Colombia, CGO accepted a proposal made by Cinara to do some pilot 
studies before introducing SSF technology into the coffee region.
Photo 4.2 Typical (Sal6nica) settlement of coffee grower communities in the northern 
hillsides of Cauca Valley Department of Colombia.
Photo 4.3 Sirena, suburban settlement in the western hillsides of Cali, main city of the 
Cauca Valley Department of Colombia.
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Photo 4.4 Initial water treatment plant of La Sirena (Cali, Colombia) consisted of a DyGF 
intake (not shown) and two SSF units. Designed during the 1980s.
Photo 4.5 Improved water treatment plant at La Sirena with DyGF, UGFL, and SSF units 
working in series. Redesigned during the 1990s.
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Parts of the suburban settlements of Cali are not being supplied with drinking water from the 
centralised network system of the city. These settlements include communities and 
institutions established in a hilly area in the south-west of the city. They use surface water 
from highland rivers/streams to feed, by gravity, their independent small WS systems. During 
the early 1980s, some of these systems included conventional rapid filtration treatment 
plants performing poorly due to design and operational limitations. A pilot plant was built in 
the premises of one of these systems called Retiro (photo 4.6).
Initially, it was planned to control and to monitor the pilot systems twice a week. However 
due to interruptions in filtered water flow and low control frequency, it became necessary to 
establish a daily control of the experimental system. In spite of the support obtained from 
local organisations to control the systems built in the coffee region, it was not possible to 
obtain reliable data with them. Finally, during the dry period July -  September 1986, with the 
support of undergraduate students in sanitary engineering, it was possible to obtain some 
reliable data with the pilot plant located in El Retiro.
Photo 4.6 Pilot scale system built in Retiro, Cali, Colombia, 1986.
The results obtained in Retiro show that close to 90% of turbidity data were below 8 NTU for 
raw water, 2.2 NTU for effluents of UGFS and DGFS lines, and 1.2 NTU for effluents of SSF 
units. Faecal coliform removals by the experimental CGF stage (UGFS or DGFS) were in the 
range 70 to 99.0 %. In spite of the limitations of this experimental experience, the results 
obtained with the pilot units were better than those produced by the poorly designed and 
operated full scale RF filtration plant. The community decided to invest in modifying the 
conventional water treatment in Retiro to convert to a MSF having plain sedimentation, UGFL 
as CGF stage, and SSF. The first phase of the plant was built by January 1987, keeping the 
option of introducing more robust pre-treatment alternatives, depending on raw water quality
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during the rainy periods. Being near to the main base of Cinara, the plant was monitored 
intensively during the period April-June 1987, in spite of budget limitations (figures 4.1, 4.2, 
and photo 4.7).
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Figure 4.1 Inlet flow and headloss developments in an UGFL stage at the Retiro water 
treatment plant. Cali, Colombia. April-May, 1987.
The results obtained are summarised below, based on Galvis et al (1989).
• The first phase of the plant was designed to treat 9 Is'1. However, the plant was initially overloaded 
due to problems in the distribution system and the water consumption pattern in the community. 
These problems were gradually solved, including the introduction of water meters.
• Three UGF units operated in parallel during this phase. Each designed to process 3 Is'1 at 0.64 
mh'1. Gravel bed depth in each unit was 0.7 m, having layers with gravel bed size in the range of 
25 to 3 mm. Maximum permissible headloss before partial cleaning activities (PCA) was 0.3 m 
(figure 4.1).
• PCA were performed every week approx. Effluent valves were closed and supernatant water was 
allowed to rise until there was only 0.05 m of freeboard. Hydraulic cleaning was performed with 
successive closures of the fast drainage valve. Initial drainage velocity was around 20 mh'1. 
Upflow was then introduced again into the units. Then, the top gravel layers were vigorously mixed 
with a shovel while the influent upflow was being eliminated through plugged holes, previously 
opened. Afterwards the units were put back into operation. These PCA take 1.5 h approx.
• Two SSF units were included in this phase. Each having a mean surface area of 110-m2 approx., 
and designed to process 4.5 Is'1 at 0.15 mh'1. Each unit is out of operation approx. 6-h during PCA 
(scraping activities), including supernatant drainage, scraping and back-filling of the unit. This was 
undertaken by four men, two doing the scraping and two transporting the scraped sand to the 
sand washing facility.
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Figure 4.2. Layout of Retiro MSF plant. UGFL 1, 2, and 3 plus SSF 1 and 2 made up the first 
phase (1987). DyGF stage and other treatment units were introduced later
Photo 4.7. Aerial view of Retiro MSF water treatment plant during 1990s. Cali, Colombia.
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• Turbidity of raw water, settled water, effluents of UGFL units and effluents of SSF units were in the 
ranges 2.1 to 140,1.6 to 65.8, 1.0 to 16, and 0.45 to 2.5 NTU respectively.
• Mean faecal coliform levels in raw water, effluents of UGFL units, and effluents of SSF units 
(before terminal disinfection) were 15,978, 1,680, and 14 MPN/100 ml.
• Colour levels in raw water, effluents of UGFL units, and effluents of SSF units (before terminal 
disinfection) were in the ranges 9 to 250, 2.5 to 70, and <5 to 30 PCU.
The running costs of the Retiro treatment plant were significantly reduced, but the 
community-based organisation managing the WS system decided to keep the tariffs as they 
were before introducing MSF. They used the surplus money to invest in other programmes in 
the community and to build the second phase of the treatment plant (figure 4.2 and photo 
4.7). As part of this second phase, DyGF units replaced settling units. The preliminary results 
obtained at Retiro and Chorro de Plata, were used as the basis for other institutions and 
communities to introduce MFS alternatives in their respective WS systems.
The new MSF plants were designed with similar criteria to those used in Retiro if they had 
similar raw water sources and good possibilities of careful operation, maintenance, and 
administration of the WS systems. Otherwise, more conservative designs were adopted. 
With these criteria other treatment plants were designed and built around Cali, including 
Colombo, Shaloom, Rivera (designed by a private consultant) and Caflasgordas.
Because of the failure with pilot plants in the northern coffee region of the Cauca Valley and 
lack of experience with this technology in the area, conservative design parameters were 
adopted in designing plants for this zone, including Marina, Ceylan, and Salonica.
By the end of the 1980s, the Swiss Federal Institute for Environmental Science and 
Technology, through its Department for Water and Sanitation for Developing Countries 
(SANDEC, previously called IRCWD) invited Cinara to participate in a programme to promote 
horizontal gravel filtration technology, as a pre-treatment stage for SSF. Three full-scale 
demonstration projects were built: one in the coffee region called here Restrepo, one in a 
private university (Javeriana) located in the south-west part of Cali, and one in La Buitrera, a 
suburban community close to Palmira City, in the Cauca Valley.
4.3 Looking for a Learning Environm ent in Transferring MSF Technology
The first demonstration projects promoted by the author and co-workers were initially 
focused on technical issues but gradually, during periodic contacts with communities and 
institutions, the necessity to include activities related to other factors affecting the 
sustainability of the projects became evident. These factors include social, economic, 
cultural, institutional, and political aspects. The relevance of these aspects in development 
programmes has been underlined in the literature by Reid (1982); WASH (1993), and Garcia 
et al (1997). The initial working group in Cinara had a primarily technical background but 
gradually, by 1990, changed into a more interdisciplinary team, including social scientists.
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Traditionally, in the WS&S of Colombia, human resource development was limited to the 
implementation of a wide variety of training courses not always related to the main problems 
found in the systems in a particular region. Training alone does not seem to provide 
adequate tools or solutions to some of the main questions that resulted from the evaluation 
of the International Water and Sanitation Decade. How to involve the different “actors” in the 
sector in capacity building? How to ensure that users are not just spectators? How to involve 
them in decision making? How to facilitate learning? (Garcia et al, 1997).
During the process of transferring MSF alternatives to local level institutions and community- 
based organisations, the strategy gradually changed from rather “technical demonstration 
projects" to capacity building through “joint learning projects”. In these later projects Cinara 
staff and its national or international advisors, acted more as facilitators, stimulating 
participants to learn from experience and to develop their own autonomous learning. A 
learning project should generate conditions in which members of institutions and 
communities can interact more horizontally, whilst working in activities relevant to the specific 
conditions of the projects (Garcia et al, 1997; Galvis et al, 1999). Looking for this learning 
environment, several participatory workshops were implemented including caretakers of WS 
systems, members of local institutions or community based organisations managing the 
systems, professional staff members of departmental or national level organisations related 
to the WS&S sector. Some of these workshops included parallel activities for actors with 
different roles in the sectors but having also activities to stimulate interaction and learning 
environments between different type of “actors". Photos 4.8 through 4.13 illustrate some of 
these activities. They are presented just as a background of the context in which MSF 
systems were being monitored in this study and introduced at local level.
4.4 Monitoring Full Scale Multistage Filtration Plants
4.4.1 M aterials and m ethods
4.4.1.1 Study area
The research activities on full-scale plants were developed in the Cauca Valley department 
of Colombia. Its location and description is included section 3.1.1. Meanwhile close to 90% of 
community settlements in the flat area of the valley uses pumped groundwater to feed their 
WS systems, most of the settlements in the hillsides of the valley use rivers or streams to 
feed by gravity their WS facilities (CVC, 1998). Nine MSF treatment plants were monitored 
during the present study. Six are located in the suburban area of Cali and three in the coffee 
region at the northern part of the Cauca Valley Department (see figure 4.3). All MSF plants 
are fed by gravity with water from small rivers of streams draining relatively small watershed 
areas, before discharging into the Cauca River, the main natural watercourse in the valley.
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Photo 4.8. Participatory workshop with community members taking place in Mondomo, 
Cauca, Colombia. A creative environment helps participants to share 
experiences and points of view about the WS system.
Photo 4.9 Interacting activities between members of community based organisations and
local institutions, caretakers of MSF systems and staff members of Cinara. Coffee 
region, Cauca Valley Department, Colombia.
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Photo 4.10. Partial cleaning activities of an UGFL unit. Workshop about operation and 
maintenance of MSF plants for caretakers and members of local organisations.
Photo 4.11. Partial cleaning activities of a SSF unit. Workshop about operation and 
maintenance of MSF plants for professionals of WS&S sector institutions.
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Photo 4.12. Members of community based organisations and caretakers of MSF systems 
participating in a workshop about controlling basic water quality parameters at 
local level.
Photo 4.13. Rector of Universidad de! Valle and Colombian Minister of Health looking at a 
simplified turbidity measurement made by the caretaker of Colombo MSF plant.
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Sea Level
Restrepo 1,400 
Ceylan 1.400 ~ 
La Marina y 
Mondomo 135C
Javeriana 975 
El Retiro 1.000
Icoiombo 1.025 
Shaloom 1.050 
La Rivera 1.100
Figure 4.3 Location of full-scale MSF treatment plants in Cauca Valley Department of 
Colombia, which were monitored for the present study.
4.4.1.2 Basic characteristics of communities or local organisations running the MSF plants
Basic characteristics of communities or local organisations running the MSF plants monitored 
during the present study are summarised in table 4.1. Six plants (Retiro, Cariasgordas, 
Rivera, Javeriana, Shaloom, and Colombo) are located in the sub-urban area of Cali and 3 
(Marina, Ceylan, and Restrepo) are rural settlements in the coffee region of the Cauca Valley 
Department. Colombo, Javeriana, and Restrepo are educational centres. Shaloom is a 
private club. Retiro, Cariasgordas, and Rivera are suburban communities. Marina and 
Ceylan are rural communities located in the coffee region. Mondomo is a rural community 
located in the Cauca Department, to the south of the Cauca Valley Department. Mondomo 
was not monitored during the present study but represents one of the latest MSF systems 
introduced into a rural area of Colombia, which benefited from the learning experience with 
the other systems. Some considerations will be presented at the end of this chapter about 
the experience in Mondomo.
All MSF systems monitored in the south-west suburban area of Cali, except Javeriana, were 
built with financial resources raised by the local organisations and communities. Javeriana 
and Restrepo benefited from seeding money provided by SANDEC to promote HGF 
technology. All other projects were built by combining financial resources from central and 
local governments, communities, and the coffee growers’ organisation in the case of 
Restrepo, Ceylan and Marina. All running costs of WS systems, including MSF plants, are 
covered by users. Local institutions running their own WS system identified persons for 
managerial and operational activities for the systems. Communities running WS systems are 
in different types of organisation, typically water committees or users associations 
established with a council and a chairman elected by user assemblies. Operational staff are 
responsible to the chairman or to an administrator, appointed by the organisation specifically 
to deal with the WS system.
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4.4.1.3 Main characteristics of multistage filtration plants.
After the failure with the pilot plants built in the coffee region, rather conservative design 
criteria were adopted for Ceylan, Restrepo and Marina treatment plants. They were assumed 
from considering the little experience with the technology and the possible impact of 
discharges upstream of the water intakes, originated from the cleaning process of coffee 
beans, scattered human settlements in coffee farms, and cattle breeding in some areas.
The systems located close to Cali, El Retiro, Carias Gordas, La Rivera, Shaloom and 
Colombo, all receive raw water from the Pance River. The water intake for each system is 
different and the abstraction channels are exposed to different contamination sources before 
reaching the treatment plants. The human pollution of Pance River above the water intakes 
varies during weekdays, being higher during weekends since Pance River is a popular 
recreation site for the citizens of Cali during resting days. The catchment area includes 
abandoned carbon mines.
All the systems include a DyGF, except for those in Ceylan, Marina, Restrepo and Rivera. 
DyGF technology was still being tested when Ceylan, Marina and Restrepo were designed. 
Rivera benefits from the existence of a reservoir (4,750 m3) before the treatment plant. Most 
plants have UCGF (upflow coarse gravel filtration) alternatives as first or second (after 
DyGF) filtration stage. Three options of UCGF are used. UGFL (upflow gravel filtration in 
layers) in Retiro, Rivera, Shaloom and Colombo. UGFS2 (upflow gravel filtration with 2 
filtering units in series) in Cahasgordas and Ceylan. UGFS3 (upflow gravel filtration with 3 
filtering units in series) in Marina. Javeriana and Restrepo have HGF with two and three 
compartments respectively. All plants have SSF as the final filtration stage. A general 
description of the key characteristics of the systems is presented in table 4.2.
All gravel filtration units were built in reinforced concrete or brickwork. Perforated PVC pipes 
are used to distribute influent water in the case of UCGF options or drainage water during 
partial hydraulic cleaning procedures of all CGF alternatives. The initial height of sand in all 
plants is around 1.00 m, including a support bed of 0.20 to 0.25 m, except in Colombo and 
Shaloom that the filter bed is 1.2 m and 0.80 respectively. The effective size (D10) and 
Uniformity coefficient (Uc) of sand samples from SSF units were in the ranges of 0.15 to 0.30 
mm and 2.0 to 2.5 respectively.
Operation and m aintenance criteria. During the planning and implementation process of 
each MSF plant, a similar set of operation and maintenance (O&M) criteria to that applied 
with the pilot plants (summarised in table 3.2) was recommended to each community or local 
level organisation. Operational staffs were trained on the job by Cinara staff, working in 
collaboration with regional authorities involved in the water supply and sanitation sector. 
Additionally, operational and administrative staffs were periodically invited to participatory 
activities, which included aspects of O&M.
Flow control. Each MSF plant was designed with inlet control facilities by means of a 
structure that allowed regulation and measuring of the influent flow, as well as discharge of
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excess water. Flow was measured by means of a calibration scale directly installed in the 
access channel (see annex 1 ), which was volumetrically calibrated at the plant site.
Table 4.2 Design parameter and filter media bed specifications of full-scale MSF plants
Treatment
plant
Flow
(I*'1)
(1)
Pre-treatment system SSF
Type
No. Area
<m2)
(2)
Vf
(mh'1) (1)
Filter media
No. Area
(m2) (2)
Vf 
(mh'1) (1)Size
(mm)
Length
(m)
El Retiro 20(15.1)
DyGF 3 39.2 1.8(1.4) 2 5 -6 0.6
4 540 0.15(0.13)
UGFL 5 100 0.7 (0.5) 2 5 -3 0.9
Cariasgordas 10.5(8.9)
DyGF 1 37 10.2 (8.7) 2 5 -6 0.3
3 275 0.14(0.12)
UGFS2 2 46 0.8 (0.7) 2 5 -3 2.0
La Rivera 12.0(3.8) UGFL 2 68.6 0.6 (0.2) 3 8 -3 1.2 2 198 0.20 (0.07)
Javeriana 3.2 (1.8) DyGF 1 4.1 2.6(16)
2 5 -6 0.3 2 67.4 0.17(0.10)
HGF 2 7.4 1.5 (0.9) 2 5 -3 4.0
Shaloom 1.0 (1.0) DyGF 1 2.4 15(1.5) 2 5 -6 0.6 2 24.0 0.15(0.15)UGFL 1 6.0 0.6 (0.6) 2 5 -3 1.5
Ceylan 10.5(9.4) UGFS2 2 50.4 0.8 (0.7) 2 5 -6 2.0 2 252 0.15(0.13)
Colombo 1.0(0.6) DyGF 1 2.4 15(0.9) 2 5 -6
0.6 2 27 0.13(0.08)
UGFL 1 4.7 0.8 (0.5) 2 5 -3 1.3
La Marina 7.0 (7.0) ug fs3 2 42 0.6 (0.6) 2 5 -6 1.8 2 168 0.16(0.16)
Restrepo 0.7 (0.8) HGF 2 4 0.6 (0.7) 1 9 -6 7.0 2 16.8 0.15(0.17)
(1) Mean operational flows and filtration rates (Vf) are included between brackets
(2) Cross sectional area
Hydraulic headlosses. The operator could visually control headlosses in the units by 
differential levels between influent and effluent flow because all units were with inlet control.
4.4.1.4 Sampling and frequency
Sampling points were collected from the raw water and at the end of each main filtration 
stage. Figure 4.4 and photo 4.14 illustrates the location of sampling points in the Restrepo 
MSF plant. Similar sampling points were located in other treatment plants. Planned sampling 
frequencies during the period October 1990 to July 1992 are summarised in table 4.3. 
Initially, parallel units were monitored independently but due to the similar results obtained 
and to economic constraints, integrated samples were collected at each treatment stage. 
After July 1992 the sampling frequency was gradually reduced and finally stopped for the 
coffee region in December 1998. The plants nearby Cali are still being monitored with the 
support of local institutions or community based organisations. Samples were collected using 
similar procedures to those described for the MSF pilot system described in Section 3.1.6 but 
for faecal coliform analysis greater sample volumes were collected. Samples were 
refrigerated while transported to the laboratory facilities at Puerto Mallarino.
4.4.1.5 Analytical Methods
Sample obtained throughout the MSF full scale plants were analysed by the same methods 
as those from the MSF pilot system at Puerto Mallarino (Section 3.1.7), except for faecal 
coliforms, which were analysed with the DelAgua test kit (DelAgua, 1989).
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Figure 4.4 Layout of Restrepo MSF plant. CIDER, Restrepo, Cauca Valley, Colombia.
Photo 4.14 Restrepo MSF plant. CIDER, Restrepo, Cauca Valley, Colombia.
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Figure 4.5 Layout of Colombo MSF plant. Cali, Cauca Valley, Colombia.
Photo 4 .15  Colombo MSF plant. Cali, Cauca Valley, Colombia. (Black plastic cover to
control leaves from the nearby trees falling into the SSF units and to prevent 
algal growth)
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Figure 4.6 Layout of Javeriana MSF plant. Cali, Cauca Valley, Colombia.
Photo 4.16 Javeriana MSF plant. Cali, Cauca Valley, Colombia.
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Figure 4.8 Layout of Rivera MSF plant. Cali, Cauca valley, Colombia
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Photo 4.17 Cariasgordas MSF plant. Cali, cauca Valley, Colombia
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Figure 4.10. Layout of Marina MSF plant. Coffee region, Cauca Valley, Colombia
Photo 4.18. Marina MSF plant. Coffee region, Cauca Valley, Colombia
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Figure 4.11. Layout of Ceylan MSF plant. Coffee region, Cauca Valley, Colombia
Figure 4.19 Ceylan MSF plant. Coffee region, Cauca Valley, Colombia
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Table 4.3 Sampling points and frequencies at MSF plants. These frequencies were applied 
in the period October 1990-July 1992. Sampling for basic water quality 
parameters continued but frequencies were gradually reduced until Dec. 1998.
Parameter Raw water DyGFStage
CGF
Stage
SSF
Stage
Turbidity (NTU)(2) 2w 2w 2w 2w
Colour (PCU)(2) 2w 2w 2w 2w
Faecal coliforms (CFU/100 ml)(2) 2w 2w 2w 2w
Temperature (°C)<2) f - - -
pH (Units)(2) f - f f
Total Iron and manganese (mgl'1) m - m m
Suspend solids (mgl'1) w w w w
Filterability (ml (3min)'1) (3) m m m m
Dissolved oxygen (mgr1) (2) f f f f
Total alkalinity (mgl'1 Ca CO3) m - m m
Total hardness (mgl'1 Ca CO3) m - m m
Head loss (cm)(2> - 2w 2w 2w
Flow (Is"1) (2) 2w 2w 2w 2w
1 w= weekly; f= fortnightly; m= monthly
2. The sampling frequency for these parameters was reduced to once a month during the period August 1992
-  December 1995. Afterwards sampling became sporadic.
3. Only during 1991
4.4.1.6 Data management
An information system, similar to that described for MSF pilot system, was designed for MSF 
plants. Data were analysed to obtain descriptive statistics. Comparative analyses were not 
performed due to the differences in source water quality, design and operating conditions of 
MSF plants.
4.4.2 Results and specific discussion  
4.4.2.1. Raw water
The mean raw tem perature feeding MSF plants in the coffee region (Ceylan, Restrepo, and 
Marina) was in the range 18 to 21 °C, meanwhile it was 22 to 23°C in the case of MSF plants 
located around Cali (Retiro, Cariasgordas, Elvira, Colombo, Shaloom, and Javeriana). Mean 
raw water temperature at Puerto Mallarino (Cauca River) was 24°C during similar monitoring 
period.
Descriptive statistics for raw water turbidity, colour, suspended solids, and faecal coliform 
levels are included in tables 4.4, 4.5, and 4.6. Figure 4.12 shows cumulative frequency 
distributions for turbidity and faecal coliform  levels in surface water sources feeding MSF 
plants. These highland raw water sources show low to moderate levels of turbidity and a 
wide range of microbiological contamination, due the human pollution activities and 
discharge of untreated sewage. Raw water turbidity and faecal coliform levels in all water 
sources for MSF plants were lower than those observed in the Cauca River at Puerto 
Mallarino.
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Table 4.5 Descriptive Statistics for turbidity, colour, suspended solids and faecal 
conforms in MSF plants having upflow gravel filtration with two (UGFS2) and 
three (UGFS3) units in series as first or second coarse gravel filtration (CGF) 
stage. October/1990 to December/1998
Descriptive
statistics
CANAS GORDAS LA MARINA CEYLAN
Raw
Water DyGF u g f s 2 SSF
Raw
Water
UGFS3 SSF RawWater u g f s 2 SSF
Turbiditv (NTU)
Mean 12.1 11.2 5.1 0.8 6.0 3.1 1.1 2.8 0.8 0.4
S.D 12.4 12.9 4.9 0.6 12.8 6.8 0.9 1.9 0.9 0.5
Minimum 0.5 2.9 0.3 0.1 0.5 0.2 0.3 0.6 0.2 0.1
Maximum 75 98 28 4.1 112 63 6,2 15 8.0 5.8
No. (Data) 154 116 153 155 111 110 111 114 114 114
Colour (PCU)
Mean 21 19 16 4 7 5 3 5 4 3
S.D 13 12 15 3 12 10 2 3 3 1
Minimum 3 3 2 2 2 2 2 2 2 2
Maximum 70 70 132 18 116 103 16 21 21 8
No. (Data) 154 116 154 155 111 111 111 114 114 114
Susiaended Solids (mgr1)
Mean 12.1 12.0 2.7 0.2 9.0 1.6 0.3 2.8 0.3 0.1
S.D 21.9 32.5 6.8 0.2 42.6 4.8 0.3 4.3 0.7 0.1
Minimum 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Maximum 126 238 54 1.3 384 34 1.7 34 5.6 0.6
No. (Data) 74 70 73 74 82 81 82 84 84 84
Faecal Coliforms (CFU/100ml)
Mean 7,046 5,334 408 1.5 803 139 1.8 330 52 0.9
S.D 21,879 12,669 548 3.4 3,417 172 3.5 303 59 2.0
Minimum 110 120 0 0 30 0 0 46 4 0
Maximum 223,000 95,000 3,670 23 35,700 1,250 28 1,920 382 12
No. (Data) 148 89 145 151 108 106 109 111 112 114
Table 4.6 Descriptive Statistics for turbidity, colour, suspended solids and faecal 
conforms in MSF plants having horizontal gravel filtration as first or second 
coarse gravel filtration (CGF) stage. October/1990 to December/1998
Descriptive
statistics
JAVERIANA RESTREPO
Raw Water DyGF | HGF I SSF Raw Water I HGF I SSF
Mean
S.D
Minimum 
Maximum 
No. (Data)
Turbidity (NTU)
24.2
35.1
3.0
300
273
17.2
31.0
3.0 
292 
266
4.9
4.9 
1.0 
40 
270
0.9
0.9
0.2
12.0
273
7.5
9.4
1.7
55
112
2.6
3.0
0.5
27
112
0.6
0.4
0.2
2.8
112
Colour iPCU)
Mean 30 27 16 4 12 7 3
S.D 25 21 14 3 16 10 2
Minimum 3 3 2 2 2 2 2
Maximum 200 198 104 30 130 91 12
No. (Data) 272 266 272 272 111 111 111
Suspended Solids (mgl )
Mean 33.9 22.9 1.7 0.1 4.1 0.8 0.2
S.D 100.4 94.8 3.5 0.2 6.1 2.4 0.1
Minimum 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Maximum 1,040 922 27 1.4 38 20 0.9
No. (Data) 159 156 160 164 79 77 79
Faecal Coliforms (CFU/100ml)
Mean 14,935 9,092 922 0.8 831 77 0.7
S.D 28,532 18,816 5,431 2.2 1,821 324 2.5
Minimum 310 210 7 0 10 0 0
Maximum 204,000 146,000 83,000 25 15,100 3,270 23
No. (Data) 264 231 261 265 105 105 107
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Water sources in the coffee region (Marina, Ceylan, and Restrepo) had mean turbidity values 
in the range 2.8 (Ceylan) to 7.5 NTU (Restrepo) and maximum in the range 15 (Ceylan) to 
112 NTU (Marina). Water sources for other MSF plants had mean turbidity values in the 
range 3.8 (Shaloom) to 24 NTU (Javeriana) and maximum in the range 22 (Shaloom) to 300 
NTU (Javeriana) respectively. The lowest and highest turbidity levels were observed in 
Ceylan and Javeriana respectively.
Close to 60% of the raw water samples collected in Cariasgordas, Retiro and Colombo had 
turbidities values below 10 NTU, while 85 to 95% of the raw water samples from Restrepo, 
Rivera, Marina, Shaloom and Ceylan had turbidities values below 10 NTU. Some of these 
raw water sources (e.g. Ceylan and Shaloom) seem to require only SSF stage to deal with 
their turbidity levels. However, based on personal contacts with local operators, higher 
turbidity peaks (few hours of duration) were observed in the water sources than those 
detected during the monitoring programme. Therefore a combination of DyGF and SSF 
working in series seems to be advisable to deal with these turbidity levels in raw water 
sources. Having turbidity data collected during present study and based on data summarised 
in table 4.2, it seems that some MSF plants were over designed as far as this parameter is 
concerned.
1 10 100 1000 
Turbidity (NTU)
100 1000 10000 100000 1000000 
Faecal Coliforms (CFU/100ml)
Shaloom ■ • Rivera ——  Retiro ——  Restrepo Marina
Javeriana ----------  Colombo   Ceylan _ _ _  Cartas G.
Figure 4.12 Cumulative frequencies (%) distribution for turbidity and faecal coliform levels 
in raw water sources of full-scale MSF plants included in this study.
Ceylan, located in the coffee region, had the lowest faecal coliform levels in its raw water 
source, with mean and maximum values of 330 and 1,920 CFU/100 ml respectively. Again, 
with these faecal contamination levels and the data summarised in table 4.2, Ceylan seems 
to be over designed. While 50 % of collected raw water samples in Marina and Restrepo, 
had less than 200 CFU/100 ml, maximum values were higher than 15,000 CFU/100 ml, 
making necessary more than one filtration stage to avoid overloading SSF units before 
terminal disinfection.
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Faecal contamination levels were even higher in the abstraction channels feeding MSF 
plants located in the hilly areas of Cali. The influent water to Retiro, Rivera, Shaloom and 
Cariasgordas, had more than 2,000 CFU/100 ml in 50% of collected samples, while 
Javeriana and Colombo had more than 5,000 and 20,000 CFU/100 respectively. All these 
contamination levels require more than one filtration stage to avoid overloading SSF units 
and putting at risk terminal disinfection as safety barrier.
The abstraction channels feeding MSF plants in Cali had mean and maximum colour levels 
in the ranges 15 to 30 PCU and 34 to 200 PCU respectively. Based on reported SSF 
removal efficiencies for this parameter (table 2.5, Section 2.6), SSF alone would be limited to 
consistently produce effluents with <15 PCU, as recommended by WHO (1993). Colour 
levels in raw water at Ceylan, La Marina, and Restrepo (coffee region) were in the ranges 2 
to 21 PCU, 2 to 116 PCU, and 2 to 130 PCU respectively. Only raw water at Ceylan could be 
treated with SSF alone, with respect to this parameter.
Raw water pH was in the range 6 to 8 units; total hardness in the range 15 to 70 mgl*1 
CaC03; and Total alkalinity in the range 10 to 70 mgl*1 CaC03. Problems related to hardness 
precipitation with this type of raw water sources should not be expected. Raw water levels for 
total iron and manganese were in the range 0.3 to 6 mgl*1 and 0.1 to 0.8 mgl"1 respectively, 
which are above recommended values for direct SSF treatment (table 2.6, Section 2.6.2).
4.4.2.2 Water quality changes in multistage filtration plants
The filterability test was carried out with samples taken from raw water and the effluents of 
main filtration stages. Descriptive statistics of volumes of filtered water are summarised in 
table 4.7 for six MSF plants. All these raw water sources present higher filterability values 
than Cauca River water (table 3.16, section 3.2.4.1). Besides, filterability results are better in 
raw water sources feeding MSF plants in the coffee region than in those feeding MSF plants 
in Cali. However, all filterability results became very similar after CGF and SSF stages.
Table 4.7 Descriptive statistics for volumes (ml(3min)*1) for water obtained during the 
application of filterability tests in MSF water treatment plants.
Descriptive
statistics
Carlas gordas Colombo Javeriana
Raw
water DyGF UGFS2 SSF
Raw
water DyGF UGFL SSF
Raw
water DyGF HGF SSF
Mean 278 315 450 536 255 421 487 539 217 331 459 529
SD 127 118 110 25 104 93 70 23 130 108 72 32
Minimum 98 174 150 460 68 263 310 478 62 200 330 437
Maximum 550 550 550 550 449 550 550 550 550 550 550 550
Data (N) 16 16 15 16 15 15 15 15 15 14 15 15
Descriptive
statistics
Ceylan La Marina Restrepo
Raw
water UGFS2 SSF
Raw
water UGFS3 SSF
Raw
water HGF SSF
Mean 342 513 528 346 498 535 338 499 521
SD 70 50 38 87 76 29 84 48 29
Minimum 254 376 421 239 263 435 160 417 463
Maximum 500 550 550 515 550 550 450 550 550
Data (N) 16 16 16 16 16 16 16 15 15
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Filterability results seem to underline the relevance of this simplified parameter to provide a 
preliminary idea about the feasibility of treating a surface water source with MSF technology. 
It could be used also to detect problems in an existing MSF plant by identifying significant 
changes in filterability results in the last one or two filtration stages.
In all MSF plants, pH, total alkalinity and total hardness remained practically the same 
through the different filtration stages, which mean that the buffer capacity of the water was 
not significantly altered and precipitation did not take place in the filter beds.
Dissolved oxygen (DO) did not become a limiting factor in applying the technology. 
Effluents of CGF and SSF stages were above 4 and 3 mgl'1 respectively, even at Javeriana 
with 4 m of gravel bed in HGF units before the SSF stage.
During the monitoring period, all plants produced water consistently within the guidelines for 
total iron and m anganese (table 2.3, section 2.3.1) with mean removal efficiencies in the 
range 91 to 97 % and 33 to 95 % respectively.
MSF plants produce effluents with turbidity levels below 1 NTU with a frequency between 
65 (Marina) and 98% (Ceylan), and below 5 NTU in at least 98% (Marina) of the samples. 
Effluent faecal coliform levels were below 3 CFU/100 ml with a frequency between 74 
(Shaloom) and 100% (Rivera), and below 25 CFU/100 ml in at least 98% (Retiro, Marina, 
and Colombo) of the samples. Effluent colour levels were below 15 PCU in at least 98% 
(Retiro) of the samples. Therefore, at least 98% of all effluent samples were within treatment 
objectives or guidelines recommended bv WHO (1993. 1997). Consequently, with the water 
quality obtained with these treatment plants, it is expected that only a low chlorine dose 
should be required as terminal disinfection and safety barrier against waterborne diseases. 
This low chlorine dose and the removal of natural organic matter (as indicated by colour 
reductions) should also contribute to lessening possible chronic adverse health effects 
related to disinfection by-products
Figures 4.13 through 4.15 show mean faecal coliform, turbidity, and colour values in raw 
water and effluents of main filtration stages of each MSF plant. Table 4.8 shows mean 
removal efficiencies for the same parameters at each treatment stage. They show how the 
different MSF plants adapted to the type of raw water and the level of contamination in it. The 
plants show higher removal efficiencies for more contaminated water.
In Ceylan, the mean removal efficiencies are 2.6 log units for faecal coliforms, 86% for 
turbidity, and 40% for colour. In Colombo, which receives more contaminated water, the 
removal efficiencies are 4.8 log units for faecal coliforms, 90% for turbidity, and 79% for 
colour. However, the SSF stage seems to be overloaded in Colombo. According to the 
multiple barrier strategy (Section 1.2), the priority should be to reduce the contamination 
levels in the water source. Besides, based on the integrated water treatment concept 
(Section 1.2), a more robust second filtration stage seems to be needed to reduce the risk of 
depending so heavily on SSF or terminal disinfection to produce water with low sanitary 
risks.
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Figure 4.13. Mean faecal coliforms (CFU/100 ml) in raw water and effluents of DyGF, CGF, 
and SSF stages of MSF plants in the Cauca Valley of Colombia.
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Figure 4.14. Mean turbidity values (NTU) in raw water and effluents of DyGF, CGF, and SSF 
stages of MSF plants in the Cauca Valley of Colombia.
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Figure 4.15 Mean Colour values (PCU) in raw water and effluents of DyGF, CGF, and SSF 
stages of MSF plants in the Cauca Valley of Colombia
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Table 4.8 Mean removal efficiencies of turbidity, faecal coliform, and colour in MSF plants. 
Cauca Valley, Colombia.
Treatment
plant
Raw
water
Filtration sta ?es DyGF CGF SSF
DyGF CGF SSF Individual Individual Cumulative Individual | Cumulative
Mean values Removal efficiencies
Turbidity (NTU) Turbidity removal (%)
Javeriana 24 17 4.9 0.9 29 71 80 82 96
El Retiro 15 7.2 4.2 0.9 52 42 72 79 94
Colombo 15 6.4 4.5 0.6 57 30 70 87 96
Cariasgordas 12 11 5.1 0.8 8 54 58 84 93
Restrepo 7.5 - 2.6 0.6 65 77 92
La Marina 6.0 - 3.1 1.1 48 65 82
La Rivera 5.9 3.9* 1.7 0.6 34 56 71 65 90
Shaloom 3.8 3.0 1.9 0.8 21 37 50 58 79
Ceylan 2.8 - 0.8 0.4 71 50 86
Faecal coliforms (CFU/100ml) Faecal coliforms removal (log units)
Javeriana 14,935 9,092 922 0.8 0.2 1.0 1.2 3.1 4.3
El Retiro 6,416 2,152 301 1.4 0.5 0.9 1.3 2.3 3.7
Colombo 51,916 10,063 2,008 0.9 0.7 0.7 1.4 3.3 4.8
Caflasgordas 7,046 5,334 408 1.5 0.1 1.1 1.2 2.4 3.7
Restrepo 831 - 77 0.7 1.0 2.0 3.1
La Marina 803 - 139 1.8 0.8 1.9 2.6
La Rivera 3,600 1,174* 69 0.5 0.5 1.2 1.7 2.1 3.9
Shaloom 2,895 1,680 214 4.3 0.2 0.9 1.1 1.7 2.8
Ceylan 330 - 52 0.9 0.8 1.8 2.6
Colour (PCU) Colour removal (%)
Javeriana 30 27 16 4 10 41 47 75 87
El Retiro 24 20 16 5 17 20 33 69 79
Colombo 25 19 15 4 24 21 40 73 84
Caflasgordas 21 19 16 4 10 16 24 75 81
Restrepo 12 - 7 3 42 57 75
La Marina 7 - 6 3 14 50 57
La Rivera 15 14* 8 3 7 43 47 63 80
Shaloom 15 12 10 6 20 17 33 40 60
Ceylan 5 - 4 3 20 25 40
(*) La Rivera treatment plant has a storage reservoir instead of DyGF stage
4.4.2.3 Run lengths and productivity in SSF units
Maximum available hydraulic head in SSF units determined run lengths between partial 
cleaning activities (scraping) in SSF units. This head varied between 0.3 m in Colombo, a 
low value due to hydraulic constraints determined by existing hydraulic structures utilised to 
construct the system, up to 0.7 m in most MSF plants. During the monitoring period SSF 
units were operating at filtration rates (see table 4.2) in the range 0.07 (Rivera) to 0.17 mh'1 
(Restrepo). The influent to SSF units had mean suspended solid values in the range 0.2 
(Shaloom) to 2.7 m gl1 (Cariasgordas). SSF units showed mean run lengths in the range 46 
(for La Marina) to 190 days (Javeriana). Figure 4.16 shows the relationship between 
suspended solids, turbidity and run lengths. Filtration rates are included in table 4.2 and 
should be considered to analyse the results summarised in this figure.
SSF units at Marina treatment plant were operating at 0.16 mh'1 and mean influent SS of 1.6 
mgl'1. This MSF plant demonstrated periodic algal growth, which may be the main reason for
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its short filter runs. In fact, this plant had a minimum filter run length of 15 days meanwhile 
SSF units in other plants had minimum values above 1.5 or 2 months. SSF units at Javeriana 
operate at 0.1 mh'1 with mean influent SS of 1.7 mgl'1. Besides, the SSF units in this plant 
have a plastic cover to control leaves from the nearby trees falling into the SSF units. This 
could have also contributed to longer mean filter runs. Maximum SSF run lengths in Ceylan 
and Javeriana were 233 and 265 days respectively.
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Figure 4.16 Run lengths (days) of SSF units in MSF plants. Cauca Valley, Colombia.
The lowest productivity of SSF units between scraping activities is shown by Marina MSF 
plant (101 m3 per m2 of filtering surface area) while Javeriana and Ceylan reached the 
highest productivity, 1,212 m3.m'2 and 1,502 m3.m'2, respectively. These productivity values 
are higher than those reported for SSF units in the USA by Letterman (1991), being 112 to 
650 m3/m2.
4.4.2.4 Ripening period after resanding a SSF unit in Retiro MSF plant
During July 1999, SSFi unit (see figure 4.2) of Retiro MSF plant was taken out of operation, 
its sand bed was excavated, washed and placed back into the unit. SSF! went back into 
operation on July 31, 1999. Faecal coliforms, turbidity, and colour levels in the effluent of this 
unit were monitored until the levels reached acceptable values before terminal disinfection, 
meaning less than 5 NTU and 25 CFU /100 ml, according to WHO (1993, 1997). After about 
a month of ripening, SSFi reached the expected levels, as shown in figure 4.17.
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The length of this ripening period is similar to that reported at the beginning of section 3.2.4 
for pilot SSF units at Puerto Mallarino and lower than those reported by Haarhoff and 
Cleasby (1991) from SSF units operating in the seasonal environment of the USA. As 
pointed out in Section 3.2.4, it seems that the ripening period for turbidity could be used as 
an indicator of ripening for bacteria, including a time safety factor, but only in those small WS 
systems with limitations for microbiological analyses. However, This possibility requires 
further observations before making any practical recommendation. Besides, low turbidity 
levels (< 5 NTU) will also improve the effectiveness of terminal disinfection.
The technological concept of “ripening period” and its implications for the O&M of MSF 
plants, must be shared with caretakers and community leaders to reduce the risk of affecting 
public health by connecting recently scraped units before they mature. This is particularly 
relevant in systems with two SSF units due to the small flow buffering capacity available at 
the treatment plant and possible complaints of users.
Running time (days)
Figure 4.17 Faecal coliform, turbidity and colour level in effluents of SSFi of Retiro 
treatment plant after resanding activities. August, 1999.
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4.4.2.5 Operation and Maintenance aspects of MSF plants
Local operators, with low level of schooling (< 5 years), having the support of local 
administrators or community based organisations, were operating all MSF plants. Before and 
during the operation of the plants they participated in workshops including O&M activities 
organised by Cinara, in collaboration with water related institutions active in the Cauca Valley 
Department. After an initial unstable period, the local administrative and operational staff 
have become more stable, as shown in table 4.1. However, this is not the case with technical 
and professional staff from water related institutions, which are still showing frequent 
changes in spite of the decentralisation process in the water sector in Colombia.
Although there was not systematic monitoring of O&M activities, some practical observations 
are summarised below to illustrate this dimension of the present experience
• PCA (Partial cleaning activities: bottom drainage and surface raking) of DyGF units were 
accomplished once or twice a week on average. Surface raking is illustrated in photo 4.20. TCA 
(total-cleaning activities, including gravel bed excavation) were executed every 3 to 6 months.
• PCA of CGF units (Upflow and horizontal flow coarse gravel filters) have been adopted in different
ways at local level. Short hydraulic cleaning, (bottom drainage only. Illustrated in photo 4.22 and 
4.23) varied from daily to once or twice a week. Hydraulic and manual cleaning (bottom drainage 
complemented with surface shovelling in the case of upflow units) varied from once a week to 
once a month. TCA of CGF units (including gravel bed excavation) were performed in Retiro 
during the construction of 2nd phase. Based on available information, practically all CGF units have 
been operating without undergoing TCA, meaning 4 to 12 years of continuous operations.
• Mean SSF run lengths are shown in figure 4.16. PCA activities (scraping, photo 4.21) are
completed in less than a working day in all MSF plants. TCA (Resanding) are taking place every 4 
to 6 years approx. However, due to the high cost of land in the south-west part of Cali, some local 
institutions and community based organisations decided not to build sand storage facilities (e.g. 
Retiro). Therefore, the sand is replaced every time the SSF units are scraped. As Huisman and 
Wood (1974) found, deposits accumulates from run to run in sand beds making it necessary to 
excavate around 0.2 to 0.4 m of sand depth during otherwise normal scraping procedures. This 
practice increases running costs of the systems and would reduce their sustainability in 
communities without capacity to pay for additional labour during these more demanding scraping 
procedures.
4.4.2.6 Observations concerning devices and hydraulic control facilities in MSF plants
During the process of adapting or developing MSF technology to the Andean context, the 
author and colleagues introduced devices and hydraulic facilities to improve the impact and 
sustainability of the treatment projects. Some of them are summarised below.
• DyGF stage was mainly developed to reduce the impact of SS in subsequent filtration stages, 
which are more costly and relevant to reduce acute risks. After overcoming initial design and 
construction limitations, it is performing well in most treatment plants. However, removal 
efficiencies at DyGF stage in Caftasgordas are low (table 4.8) due to the high filtration rate (8.7 
mh'1) and short gravel bed depth (0.3 m) specified in its design (table 4.2). Removal efficiencies 
are also low at DyGF stage in Javeriana due to its short gravel bed (0.3 m). Based on the results 
of the present research work (Section 3.2.3), lower velocities (< 4 mh'1) are now recommended.
• Frequent hydraulic cleaning activities of coarse gravel filters require fast opening valves to drain 
the units, including the option to introduce changes in the flow pattern inside the gravel beds. 
Annex 1 includes examples of two early designs for these types of valves, based on experiences
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in Peru (Pardon, 1989) and Colombia (Galvis et al, 1989). Due to complaints of local caretakers or 
administrators of the systems about the operational or maintenance requirements of this type of 
valves in Colombia, they are no longer recommended. Annex 1 includes an example of 
commercially available (in Colombia) butterfly type of valve now being used in the systems with 
better results. This situation is also illustrated in photo 4.24 and 4.25.
Photo 4.20 Surface raking of a DyGF unit
Photo 4.21. Scraping activities on a SSF unit
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Photo 4.22 Bottom drainage of an upflow coarse gravel filtration in layers (UGFL) unit
Photo 4.23 Surface cleaning of an upflow coarse gravel filtration in layers (UGFL) unit
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Photo 4.24
Photo 4.25
Drainage facilities in upflow gravel filters built during the 1980s, including 
locally made fast drainage valves
Drainage facilities in upflow gravel filters built during the 1990s, including 
commercially available fast drainage valves
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• Initial SSF plants in Colombia did not include adequate facilities for flow measurement and control 
(e.g. photo 4.1). A better hydraulic inlet structure was adapted, allowing for energy dissipation, 
flow measurement, an overflow of excess water (photo 4.26). However, this structure still requires 
development to improve flow control possibilities in small WS systems.
• The drainage system of SSF units used to be rather deep (40 to 50 cm). After reviewing 
experiences with manifolds (e.g. Hudson, 1981), a commercially available corrugated PVC 
manifold, currently used in land drainage, was included in the first SSF units introduced in the 
Cauca Valley Department (Galvis, 1983). This type of drainage system is used in aii MSF plants 
monitored during the present study (figure 4.18).
• The long time required for supernatant drainage became a limiting factor to ensure that PCA 
(scraping) could be accomplished in less than a working day (8 hours). This limitation was 
considered important not only for social and economic reasons, but to reduce the impact of 
dewatering SSF units on microbial organisms active in the sand bed (Lloyd, 1974; Hendricks and 
Bellamy, 1991). To overcome this limitation a movable drainage device (popularly called 
gooseneck in the Cauca Valley) was introduced (photos 4.27 and Annex 1). This device is now 
being utilised to (i) function as an overflow weir when the SSF unit has reached its maximum 
headloss; (ii) drain the supernatant water, if maintenance is required; and (iii) extract floating 
materials (leaves, algae) from the water surface.
Development, evaluation and transferring MSF technology in the Colombian Andean Context 
has been a gradual learning process, which is still going on. During the 1980s and early 
1990s, it usually took more than a year to introduce a demonstration project, including 
community participation and promotion of a well-informed water committee or users 
association. Now MSF technology is becoming more accepted at community, institutional, 
and private sector levels. Mondomo is a MSF plant recently built in a rural area of Cauca 
Department of Colombia. Working in a project learning environment, in less than a year the 
plant was built in 1997 and a users association was established, which is now managing the 
WS system including the plant. It has DyGF units combining constant (at the beginning of 
filtration runs) and declining filtration rates, UGFL, and SSF units working in series.
4.4.3 General discussion
4.4.3.1 Raw water sources to MSF plants
All raw water sources show short but relatively high turbidity peaks when it rains. These short 
peaks were not always detected during the monitoring programme due to the frequency of 
sampling. In spite of that limitation, collected data still provided evidence of the general 
behaviour of water sources included in this study.
Maximum suspended solids (SS) and turbidity levels were in the range 34 (Ceylan) to 1,040 
mgl'1 (Javeriana) and 55 (Ceylan) to 300 NTU (Javeriana) respectively. Considering 95 
percentile values the ranges for SS and turbidity levels become 6.9 (Ceylan) to 64 mgl'1 
(Javeriana) and 4.3 (Ceylan) to 57 NTU (Javeriana) respectively. In Ceylan, 95 percentile 
values of SS and turbidity correspond to 20 and 8% of maximum values respectively. In 
Javeriana they correspond to 6 and 19% respectively. Even more importantly, SS or turbidity 
peaks are short (usually no more than a few hours) and they are not concentrated in a short 
period of the year but are more or less distributed throughout the two annual rainy periods of
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the Cauca Valley. This is not the case with Cauca River water at Puerto Mallarino, where 
turbidity values can be consistently above 100 NTU during several weeks, as shown in figure 
3.11, Section 3.2.1.
Photo 4.26 Inlet structure to main treatment stages of multistage filtration treatment plants
Figure 4.18 Corrugated PVC manifold used as part of drainage system of SSF units
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Photos 4.27. Movable drainage device utilised to facilitate maintenance of SSF units
174
Pardon (1989) reports similar evidence in the Andean region. Three MSF plants located in 
the highlands of Peru showed influent turbidity levels below 30 NTU in 90% of samples taken 
but turbidity peaks in the range 300 to 1,200 NTU (see table 2.9, Section 2.8.4). These peaks 
were also short, lasting less than a day. However, in another plant (Azpitia) located in a low 
land area, close to the Pacific-coast of Peru, mean turbidity values were > 70 NTU during the 
period January-March 1986.
The distribution pattern of solids levels in surface water sources is needed to take decisions 
about introducing MSF technology in a new region. Turbidity and SS raw water data in this 
study indicates that a highland river in the Andean Cauca Valley would usually presents low 
to moderate levels of solids, together with turbidity peaks of short duration. However, this 
may not be the case with other highland water sources. Information about levels of solids in 
surface water sources must be gathered before introducing treatment technology into a zone. 
Experimental projects should be developed before going to a wider application of MSF.
All raw water sources monitored in this study need to be filtered before terminal disinfection 
due to the high levels of faecal contamination. With the possible exception of Ceylan’s water 
source, all other sources require pre-treatment before SSF. The faecal pollution level in 
some water sources could be the limiting factor to select the best MSF alternative rather than 
the level of solids, as usually considered in the literature. Besides, catchment protection 
should be a priority to reduce the high levels of faecal contamination reaching treatment 
plants like Colombo.
Considering all raw water sources, mean and maximum colour levels were in the ranges 5 to 
30 PCU and 21 to 200 PCU respectively. Colour reductions was not considered a priority in 
introducing MSF technology in Cauca Valley but was monitored considering its potential 
impact on users acceptance of drinking water as well as on terminal disinfection.
River monitoring data are essential for the selection and design of treatment plant 
alternatives. This is particularly relevant for MSF plants, but is often lacking in the rural areas 
and small municipalities of the Andean Region. A strategy based on sanitary inspections of 
catchment areas, combined with some basic water quality analyses, as recommended by 
Lloyd and Helmer (1991) and WHO (1997), should contribute in overcoming this limitation.
4.4.3.2 Removal efficiencies in MSF plants
MSF alternatives monitored during the present study were adapted to the different 
contamination levels in the raw water sources. At least 98% of turbidity, faecal coliform, and 
colour levels measured in samples taken from effluents of MSF plants were within the 
treatment objectives or guidelines recommended by WHO (1993, 1997) before terminal 
disinfection. However, having now the results of the present study, it seems that some plants 
are over designed while others seem to be overloaded.
The SSF stage in Ceylan is demonstrating relatively low removal efficiencies. This plant 
could have just a DyGF stage instead of UGFS2 (upflow gravel filtration with two units 
working in series). In contrast, SSF stage in Colombo is demonstrating relatively high
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removal efficiencies. This plant should have a more robust second gravel filtration stage 
instead of the actual UGFL (Upflow gravel filtration in layers). This type of discussion implies 
risk management, capital investment, and running cost considerations. Final decisions 
should take into consideration local conditions. Based on the experience in the Cauca valley 
an example of a selection matrix for MSF alternatives will be considered in Chapter 6.
Five plants have DyGF. Two of them do not show the tendency of increasing efficiency with 
increasing contamination levels in the water source. Cariasgordas with the highest filtration 
rate (8.7 mh'1) and a short filter bed depth (0.3 m) and Javeriana having a similar bed depth 
to Cariasgordas. These results at Cariasgordas and Javeriana are in harmony with the 
results obtained during pilot plant studies at Puerto Mallarino, meaning that gravel bed depth 
and filtration rates at DyGF stage should be 0.6 m and < 4 mh'1 respectively.
Turbidity removal efficiencies at DyGF stage at Retiro (52%) and Colombo (57%) are higher 
than those observed with a more polluted lowland river at Puerto Mallarino. A possible 
explanation could be related to higher capacity of transporting bigger or heavier particles of 
highland rivers than lowland rivers.
Due to the influence of contamination levels and load sharing characteristic between 
treatment stages, it seems to be impractical to make comparative considerations about 
second or third filtration stages between treatment plants.
4.4.3.3. Operation and Maintenance (O&M) of MSF plants
All WS systems including MSF plants are being operated and maintained by local workers 
with low level of schooling (< 5 years). They have the support of local administrators or 
members of community based organisations. The local level running the system has little 
support from water related institutions. All running costs are covered at local level. Capital 
costs are also covered in the systems located in the southwest part of Cali. These facts, 
together with the water quality data included in this study indicate that MSF filtration 
technology is under the operation, management and financial control of community based 
organisations or local institutions in the Andean Cauca Valley. However, a more systematic 
database about O&M activities and labour requirements is needed to improve management 
capacity of local organisations and cost analyses at local level and between different WS 
systems including MSF plants.
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5. COST OF MULTI-STAGE FILTRATION PLANTS
5.1 Introduction
Lack of systematic information about investment and recurrent costs of MSF technology 
have limited its use, as absence of data makes it impossible to compare the costs of different 
MSF systems with other water treatment options, information concerning the total life cycle 
cost associated with a technology is essential for effective technology selection, establishing 
financing arrangements, managing the system and above all, involving the community and 
institutions in decision making.
This chapter presents an approach that permits the estimation of the total cost of MSF 
systems. It includes models that have been developed for different MSF alternatives to 
assess the construction requirement of the items that have greatest individual cost. For the 
application of these models, basic information is needed about unit costs of materials and 
labour, as these will differ between areas where MSF systems will be constructed. The 
chapter also includes preliminary information about time and staff requirements for operation, 
maintenance and administration. It concludes with a general discussion including 
considerations about cost distribution and economy of scale.
5.2 Background
Little information is available about the cost of water treatment systems in Colombia, 
particularly in the case of systems providing water to small and medium-sized municipalities 
and rural communities. In the beginning of the 80’s, Arboleda (1982) compared the 
investment cost of conventional treatment plants with capacities between 0.025 m3s'1 and 4.0 
m3s'1 in the USA with those in Latin America. The comparison showed that significant cost 
reductions were the result of innovations in the adaptation of the technology to the Latin 
American conditions.
The Instituto Nacional de Fomento Municipal (INSFOPAL) in Colombia developed models to 
predict the investment cost for conventional water treatment systems that included 
coagulation, flocculation, sedimentation, rapid filtration (RF), disinfection, and pH adjustment 
(INSFOPAL, 1982). Three models were developed for different regions of Colombia based 
on information provided by water companies linked to the Institute. The models were limited 
to systems with production capacities of less than 2600 m3d'1 (30 Is’1) and presented the cost 
as a function of the plant capacity. The models however, are not very reliable because of the 
wide dispersion of data and the large differences in unit cost of local labour and materials.
1. National Context C = 142,198 Q’043 r = -0.4 (5.1)
2. Northern Zone C = 122,112 Q'0'42 r = -0.3 (5.2)
3. Central-Southern Zone C = 142,540 Q’042 r = -0.4 (5.3)
In which C is construction cost in Col$/m3/d at 1982 prices; Q is the plant production capacity
in m3d'1; and r is a correlation coefficient.
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In 1988, The Cinara Institute with the support of the International Water Supply and 
Sanitation Centre (IRC), developed cost models for SSF systems on the basis of experience 
with full-scale demonstration projects in the hilly areas of the Cauca Valley (Galvis et al., 
1989). The study included models for estimating the construction quantities and the 
construction cost of SSF systems with production capacities between 2 and 30 Is'1, using 
filtration rates of 0.15 mh'1. The study also assessed the economy of scale and the effect of 
the height of the filter box on the initial investment cost. In a provisional manner it also 
included the cost of coarse gravel filtration (CGF), estimated at 75 percent of the cost of 
SSF. This estimate was based on the very first full-scale experiments with CGF technology in 
Colombia. The resulting cost model was applied to SSF systems operating at 0.15 mh'1 with 
surface areas between 48 and 720 m2. Equations 5.4 and 5.5 present cost models with 
respect to filtration area (A) and supply capacity (Q)
In which, C is construction cost, in thousands of US$ at 1988 prices; A is filtration area, in m2; 
and Q is supply capacity, in Is'1
Comparing these models (equations 5.4 and 5.5) with equation 5.3, it was found that the 
initial investment cost for systems that included SSF and CGF were more favourable than for 
conventional systems for plant capacities up to 6,000 m3d'1 or 70 Is'1 (Galvis et al, 1989).
Comparative studies between SSF and conventional systems in India (Sundaresan and 
Paramasivan, 1982) indicated that SSF could be more economical in terms of initial 
investment for plant capacities up to 50 Is'1. When operation and maintenance costs are also 
taken into account, the break-even point increases to 286 Is"1. The model obtained for the 
initial investment cost in India was:
C = 0.132 A 086 (5.6)
In which, C is construction cost, in thousands of US$(1982) and A is filtration area, in m2.
Most studies on water treatment costs are concentrated on initial capital investment with less 
attention to the Operation, Maintenance, and Administration (OM&A) costs. Besides, most of 
these studies concentrate on alternatives related to RF technology. Considering the potential 
of the MSF technology to treat Andean surface (river) water sources, the Colombian 
government decided to support the Cinara Institute to improve its developmental work on 
capital (construction) and running costs of MSF technology.
The following sections report part of the of the work with IRC (Galvis et al, 1989) and 
preliminary results of the project with the Colombian government (Cinara, 1998), in which 
some undergraduate and MSc students are now participating (e.g. Aristizabal, 1999; Rojas, 
1999). Construction costs considerations are based on the design and field experience in the 
Cauca Valley with the technology. Running costs considerations however are still difficult to 
estimate in a methodological way since community-based organisations are just starting to
C = 0.2801 A08533 
C = 4.2166 Q0-8533
(5.4)
(5.5)
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became formally established as WS enterprises and do not have reliable databases on these 
costs. Cinara, on the other hand, is also starting to promote some undergraduate and MSc 
dissertations to assess in a systematic and more critical way actual practical experience in 
the region. In spite of these limitations, the following sections present a preliminary cost 
analysis of MSF technology considering both initial and running costs
5.3 Cost Characteristics
5.3.1 Initial capital investment cost
Factors that have an important effect on the initial investment cost in a water treatment 
system include:
• Plant capacity
• .Prevailing water quality regulations
• Type of plant (type of technology)
• Cost of equipment (local and imported)
• Design criteria and cost
• Land prices
• Cost of materials (local and imported)
• Cost of labour
• Geographic location
• Transport
• Climatic conditions
• Level of competence and profit of constructing firms
Taking the main factors as starting point, a cost model can be developed for pre-determined 
region, date and treatment technology. In general, the model has the following composition:
C = aQb (5.7)
Ln C = Ln a + b Ln Q (5.8)
In which C is cost of construction; Q is plant capacity; and a, b are coefficients. The value of
the coefficient "a” corresponds to the cost of a plant with unit capacity. The coefficient b,
usually smaller than 1, indicates the economy of scale. If the value of b Is closer to 1, the 
economy of scale is low, and as a consequence, cost efficiency will not be obtained with the 
increase of the size of the system.
5.3.2. Operation, maintenance and administration costs
Factors that have an important effect on operation, maintenance and administration costs in 
a water treatment system, include:
• Labour cost
• Cost of consumables (local and imported)
• Maintenance requirements
• Energy cost
• Prevailing water quality regulations
• Number of users
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Based on the practical experience with full-scale MSF plants operating by gravity in the 
Andean Cauca Valley, the running costs of this technology are mainly labour costs. Based on 
observations made during training activities and some information collected from caretakers 
and community based organisations, a preliminary estimation can be made of time 
requirements for Operation and Maintenance (O&M). Time requirements for administration 
seem to vary significantly between communities (Cinara, 1998). It is expected that the 
gradual development of more formal small enterprises for small WS systems in Colombia will 
contribute to improving time management and to reduce the time necessary to administer the 
systems, including conflict resolution inside or outside the community-based organisation. In 
this preliminary analysis, time required for administration is estimated as a percentage of the 
time required for O&M. Having an estimation of time requirement for OM&A and 
representative labour costs, the running cost of MSF technology in a given programme 
development area can be calculated.
5.4 Objectives
This chapter aims to analyse and summarise information concerning the following points, 
although some of them are still at an exploratory stage.
• To develop construction requirement models of MSF alternatives including DyGF (dynamic gravel 
filtration), upflow CGF (coarse gravel filtration) and SSF (slow sand filtration) stages.
• To develop construction cost models of MSF alternatives, considering construction cost values of 
1999 in the context of the Andean Cauca Valley.
• To present preliminary information on time requirements for OM&A of MSF alternatives and to 
estimate OM&A costs based on labour costs in the context of the Andean Cauca Valley.
• To compare initial and life cycle costs of MSF alternatives and conventional RF treatment plants.
• To analyse and compare economy of scale of MSF and conventional RF plants.
5.5 Methodology
5.5.1 Initial investment cost
A review of MSF systems constructed in different regions of Colombia showed that the 
greatest construction costs included reinforced concrete, gravel, sand, land, soil excavation, 
and the building including facilities for storing sand, water disinfection, and operator’s basic 
needs (Galvis et al, 1989; Cinara-Mindesarrollo, 1996 and 1998). Together these 
components represent approximately 80 percent of the direct construction cost (without 
including costs for administration, profits and contingencies). The remaining 20 percent is 
distributed between the cost of valves, fencing, illumination, lab and disinfection equipment, 
flow measurement facilities, accessories and pipes. Consequently, an estimate can be made 
of the main construction cost by relating the plant flow to the construction quantities of the 
different items with the greatest construction costs and multiplying these quantities by the 
unit cost for these items. This main direct construction cost can be then be affected by a 
factor of 1.25 (100/0.8) to take into account also the other (minor) direct construction costs.
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Models for assessing construction quantities. In this section models for the estimation of
the construction quantities for MSF systems are presented, based on the following
assumptions:
• Models have been developed for plants with capacities between 2 and 25 Is*1, taking into account 
the size of the existing rural communities and small municipalities in Andean Cauca Valley and 
Colombia. To establish the models four typical designs have been established for plant capacities 
of 2, 8, 15 and 25 Is'1, using the design criteria indicated in table 5.1;
• Four MSF alternatives have been reviewed on the basis of previous experiences with both pilot and
full-scale plants in the Andean Cauca Valley. They are:
DyGF + SSF 
DyGF + UGFL + SSF 
DyGF + UGFS (2) + SSF 
DyGF + UGFS (3) + SSF;
• Valves have been included on the basis of the required specifications in size and numbers, for 
each treatment unit (Annex 6). The valves, accessories and manifolds are specified on the basis of 
a wash-flow of 15 mh'1 and 20 mh'1 for DyGF and upflow CGF units respectively.
• For the structural design, the filtration units are considered to be constructed in the ground, with a
carrying capacity of at least 1.8 Kgcm'2;
• Eighty (80) percent cost-distribution has been used for the major items such as: concrete, gravel, 
sand, etc. (see table 5.2) and 20 percent for other (minor) costs. In some areas the cost distribution 
may be different, particularly as a result of the cost of the gravel and sand. In other cases the land 
may imply a considerable cost factor that may change this distribution somewhat, requiring 
adjustments in the models.
Table 5.1. Design criteria for filtration stages of MSF plants used as basis for the models.
Design criteria
MSF component
DyGF UGFL UGFS (2) UGFS (3) SSF
Filtration rate (mh'1) 2 0.6 0.6 0.6 0.15
Depth of filter bed (m) 0.60 1.2 1.2 (1) 1.2 (1) 1.05 (2)
Filter height (m) 0.80 1.4 1.4(1) 1.4 (1) 1.90
Height of supernatant 0.05 0.1 0.1 (1> 0.1 (1) 0.75
Free board (m) 0.15 0.1 0.1 0.1 0.10
Maximum surface area (m2) 10 25 25 25 100
Number of units in parallel 2-6 2-6 2-6 2-6 4-12
Number of units in series 1 1 2 3 1
(1) For each filter unit
(2) Including support media layer of 0.20 to 0.25m, assuming commercially available corrugated PVC manifold drainage pipes
5.5.2 Operation, maintenance, and administration costs
Based on field visits and informal interviews with local MSF plants caretakers, members of 
community-based organisations, and staff members of water sector institutions and Cinara, 
preliminary estimations of time required for OM&A were made. In spite of the limited amount 
of data collected in a methodical way, around 10 years of practical experience in the Andean 
Cauca Valley with MSF technology has been used to estimate values, meanwhile the actual 
available information is being improved.
The experience with MSF technology in the Cauca Valley in Colombia indicates that staff 
costs represented approximately 85 percent of the operational costs. The other 15 percent 
covered items such as electricity, wash water, and gardening. The cost of pumping is not 
included as many MSF systems are adopting gravity water supply. The pumping cost is 
assumed to be similar for all alternatives under review and therefore can be left out of the 
comparison.
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5.5.3 Cost comparison with conventional RF technology
In most situations in the Andean Region, it is expected that MSF technology would be the 
only socially, culturally and technically viable option to treat polluted surface (rivers/streams) 
water sources for small communities. However, for the Andean Cauca Valley it was 
considered useful to have cost comparison analysis between MSF alternatives and 
conventional RF treatment plants. The procedure used to do this comparison is known as 
minimum cost analysis. This procedure is based on calculating the net present value (NPV) 
of costs associated with each treatment alternative. In other words, NPV is the equivalent, in 
actual pesos or dollars of all the benefits, minus the present and future costs associated with 
each alternative (Infante, 1993). Based on this criterion, a development project could be 
accepted as an economically viable alternative when NPV value is greater than zero.
Assuming that both alternatives produce similar benefits, the economical choice would be 
that having minimum cost value due to payments or expenditures during a selected life cycle 
of the project. Consequently, the minimum cost technique uses only the equation 5.9 to 
calculate NPV of costs.
NPVC = Y  - - ' = C0 + c ‘ , +.... + -  (5.9)
c m  (l + r)' (1 + r)’ (1 + r)
In which r is discount rate; i is the time in which cost (C j) become effective; Q cost at time i; 
and n (years) is the life cycle of the project. To decide economically between different MSF 
alternatives is rather simple. However, when this involves other treatment technologies with 
different economies of scale it is more complex, because different costs need to be taken 
into account in time, depending on plant capacities. The minimum cost technique considers 
these difficulties by taking into account the economy of scale factor in the design periods of 
treatment facilities in the development projects (Duque, 1992). According to Duque (1992) 
MSF alternatives could have optimum design periods in the range of 4 to 10 years, 
meanwhile conventional RF plants could have design periods in the range of 8 to 15 years, 
because the latter has greater economy of scale.
The concept of “project horizon" is introduced to avoid comparing different design periods 
with different benefits. With the project horizon concept a minimum common multiple of 
design periods is used. In this way benefit periods become similar, making it also easier to 
combine both construction and OM&A costs. NPV of all economic costs are then 
accomplished for the horizon period of the project, including the option of both technological 
alternatives.
5.6 Results
5.6.1.Initial investment cost
Formulation of the models. Using the data from table 5.1, we can transform the plant 
capacity into the filtration area (A). The construction quantities for each component of the
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MSF system can then be calculated on the basis of the filtration area (A). Tables 5.2 shows 
the main construction quantities for the different MSF component items built in reinforced 
concrete. Similar models can be produced for brickwork. In some hilly areas the quantities 
may be larger, particularly if construction in terraces is needed. The cost of the plants can be 
established by multiplying the quantities of the different construction items with their 
respective unit cost. The total sum of these items (table 5.2), plus the cost of the valves, 
represents around 80 percent of the cost and needs to be multiplied by 1.25 (since 100/80 
equals 1.25) to estimate the total construction cost. This does not include however, costs of 
the water intake, transmission main or water storage and distribution.
Table 5.2. Models to estimate the construction quantities of main components of MSF 
systems in reinforced concrete. Treatment capacity in the range of 2 to 25 Is'1.
Item
Component
DyGF
3.6<A<54m*
UGFL
12<A<180ma
UGFS (2) 
24<A<360m*
UGFS (3) 
36<A<540m*
SSF
48<A<720m*
Building
19<A<177m*
land (m*) 2.44A + 11.20 1.20A + 3.25 0.48A+ 11.29 0.53A + 8.72 1.08A + 30.15 0.99A + 0.006
Lay out (m*) 2.44A + 11.20 1.20A + 3.25 0.48A+ 11.29 0.53A + 8.72 1.08A + 30.15 0.99A + 0.006
Excavation (m*) 9.24A081 1.71A+ 13.87 1.74A + 9.37 1.73A+ 12.86 5.04A088 0.20A -1.18
Remove of land (m*) 9.76A081 2.03A+ 10.15 2.06A + 7.09 2.05A + 10.03 5.20A090 0.17A + 0.18
Floor laying (m*) 2.44A+ 11.20 1.20A + 3.24 0.48A+ 11.29 0.53A + 8.72 1.08A + 30.15 0.99A + 0.0066
Concrete (m*) 0.81A + 3.70 0.31A+ 5.31 0.32A + 9.19 0.32A+ 13.41 0.26A+ 18.06 0.47A081
Steel (Kg) 58.66A+ 135.83 24.02A + 487.88 25.01 A + 821.88 24.50A+ 1200.5 19.16A+ 1597.7 50.31A048
Brickwork (m*) - * • * - 5.22A058
Gravel (m*) 0.6A 1.05A 1.05A 1.05A 0.25A *
Sand (m*) - - - - 0.8A -
Back filler (m*) 0.34A + 0.30 0.74A081 0.02A + 3.46 0.01A + 4.50 0.04A + 9.48 0.002A188
Roof (m*) - - - - - 1.54A + 4.17
Floor (m*) - - - - - 3.54A0”
Ceiling (m*) - - • - - 4.684A05145
Paint (ml) - - - - - 25.36A0M
• A: is the cross sectional area of the particular component
• The equations are valid for the cross sectional area (A)
• The design criteria of table 5.1 have been applied.
• In all cases the correlation coefficients were over 0.95.
• Building includes facilities for sand storage, space for disinfecting facilities, and operator's basic needs.
5.6.2. Operation and maintenance
Tables 5.3 and 5.4 provide information needed to estimate the staff requirements for 
operation and maintenance. These tables have been based on daily, periodic, and 
occasional activities, which have been partially summarised in material and method sections 
of chapters 3 and 4. Additional information is presented in Galvis et al (1998) and Vargas et 
al, 1999). The data presented in table 5.3 includes the time required for the operator to 
conduct activities such as the overall cleaning of the plant. Table 5.4 provides an estimate of
the required time per year established on the basis of occasional activities such as gravel
bed excavation of coarse gravel filtration units or resanding of slow sand filtration units.
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Table 5.3. Time required for conducting daily and periodic O&M tasks in MSF systems. Time 
is shown in full time equivalents (FTE)(1,2)
MSF Alternative
Capacity (Is'1)
1 5 10 20
DyGF + SSF 0.2 0.4 0.7 1.0
DyGF + UGFL + SSF 0.5 0.6 0.9 1.3
DyGF + UGFS (2) + SSF 0.6 0.8 1.0 1.4
DyGF + FGDS (3) + SSF 0.7 0.9 1.2 1.5
(1) 1 FTE = time equivalent of a full-time operator.
(2) Daily, periodic, and occasional activities have been considered in chapters 3 and 4. They are also described in Galvis et al 
(1998) and Vargas et al (1999).
Table 5.4. Time required for implementing occasional O&M activities of MSF plants in full­
time equivalents (FTE).
MSF Alternative Capacity (Is'1)
1 5 10 20
DyGF + SSF 0.01 0.06 0.11 0.22
DyGF + UGFL + SSF 0.02 0.10 0.21 0.41
DyGF + UGFS (2) + SSF 0.03 0.15 0.30 0.60
DyGF + UGFS (3) + SSF 0.04 0.20 0.40 0.79
The values in this table relate to systems with a life span extending over 10 years, as most of the occasional activities occur 
between a few times per year to once every five years approx.
5.6.3. Administration
The time required for administrative activities is estimated at 0.3 to 0.5 FTE per month. The 
activities included supervision, planning, user relations, purchases, payments and meetings 
with sector agencies. In the five treatment plants in Cauca Valley with plant capacities between 
7 and 15 Is'1 serving between 95 and 545 households (El Retiro, Carias Gordas, Ceylan, La 
Marina and La Sirena), the time required for the administration of these MSF systems was in 
the order of 0.3 to 0.5 FTE. The estimate is assumed to be valid for plant capacities between 2 
and 25 Is'1 with the lower level applying to the smaller systems.
5.6.4 Estimating overall cost
The estimation of total direct construction cost can be based on tables such as 5.2 which 
includes only items representing around 80% of direct costs, and the local unit costs. Multiply 
this partial direct cost by 1.25 to reach the total direct construction cost. To obtain the overall 
investment cost for the treatment plant, other costs need to be added to the total direct costs, 
such as insurance, and profit, administration and contingencies (PAC). In Colombia the value 
for PAC varies between 20 and 30 percent.
Estimation of total staff time in FTEs per year for operation, maintenance and administration 
can be reached by using tables 5.3 and 5.4 and adding another 0.3 to 0.5 FTE for 
administration costs. The sum needs to be multiplied by the average staffs salary and by a 
factor of 1.15 to obtain the total recurrent cost, as staffs make up 85 to 90 percent of the 
recurrent cost approx.
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5.7 Cost Model for the Cali Area and Cauca Valley
5.7.1 Construction cost model
As an illustration of the cost involved in MSF technology, an analysis is presented for plant 
capacities of 2, 8, 15 and 25 Is'1, utilising unit costs from Cali, Colombia. These costs are 
also applicable to a large extent to other sites in the Cauca Valley and other localities in 
Colombia that are a reasonable distance (less than two hours by road) from major 
departmental capitals.
For each of the plant capacities, type designs have been established on the basis of the 
criteria indicated in table 5.1 and considerations indicated in Section 5.5.1. These designs 
have been used for a detailed calculation and also used to confirm the assumed cost 
distribution of 80/20 percentages. The results are presented in tables 5.5 through 5.7 and in 
figure 5.1.
Table 5.5. Partial direct construction costs1 for components of MSF systems in reinforced concrete, for 
capacities of 2 to 25 Is'1. Based on construction costs in the Cali area of the Andean Cauca 
Valley, Colombia. Costs in US$, 1999. (1 US$ = 1924 Colombian $)
MSF Component Capacity (Is’1)
2 8 15 25
DyGF 1,809 4,535 7,623 11,974
UGFL 3,137 8,484 14,717 23,618
UGFS (2) 5,695 15,907 27,821 44,841
UGFS (3) 8,318 23,557 41,337 66,736
SSF 12,016 33,874 58,988 94,541
Building 3,114 5,237 11,351 16,075
1.These partial direct construction costs were obtained for the items summarised in table 5.2. It is assumed that they represent 
approximately 80% of the total direct construction costs.
Table 5.6. Overall construction costs1 for MSF plants of reinforced concrete for capacities of 2 to 25 Is'1.
Based on construction costs in the Cali area of the Andean Cauca Valley, Colombia. Costs in 
US$ (1999). (1 US$ = 1924 Colombian $)
MSF Alternative + 
Building
Capacity (Is'1)
2 8 15 25
DyGF + SSF 26,467 68,197 121,816 191,547
DyGF + UGFL + SSF 31,369 81,453 144,811 228,450
DyGF + UGFS (2) + SSF 35,366 93,052 165,286 261,611
DyGF + UGFS (3) + SSF 39,464 105,005 186,405 295,822
1.These overall construction costs were obtained by summing the cost of the components included in table 5.5, and by 
multiplying the results by 1.25 (to take into account other items not included in table 5.2) and 1.25 (to take into account PAC)
Table 5.7. Estimated distribution of the overall construction costs by percentage of the components of 
different MSF systems, for the Cali area of the Andean Cauca Valley, Colombia (1999).<a)
MFS stage & 
Components
MSF Alternative
DyGF + SSF DyGF + UGFL+ SSF DyGF + UGFS (2) + SSF DyGF + UGFS (3) + SSF
DyGF 8 7 6 6
UGFL - 13 - -
UGFS (2) - - 22 -
UGFS (3) - - - 29
SSF 56 52 47 42
Building|b> 11 10 9 8
Others 25 18 16 15
Total 100% 100% 100% 100%
(a) In this table the cost of “others" (valves, fencing, pathways, gardens, drainage facilities, electrical installations, disinfecting 
facilities, lab equipment and flow measurement devices) were calculated without using the 80/20 percentages.
(b) Building includes facilities for sand storage, space for disinfecting facilities, and operator’s basic needs.
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The regression co-efficient is over 0.96 for all cases.
Figure 5.1. Construction cost models. Cali area, Andean Cauca Valley, Colombia, 1999. (A) 
MSF treatment stages designed in reinforce concrete (based on data included in 
table 5.5). (B) MSF treatment alternatives designed in reinforced concrete 
(based on data included in table 5.6).
5.7.2 Operation, maintenance and administration costs
As an example, operation and maintenance (O&M) costs are included in tables 5.8 and 5.9 
for all MSF alternatives under consideration. These costs were obtained following the 
procedure described in Section 5.6.2. Additionally, administration costs were obtained 
according to procedure described in sections 5.6.3 and 5.6.4. It was assumed monthly 
salaries of 145.5 and 181.9 US$ for operator and administrator respectively. Total OM&A 
cost for all MSF alternatives are shown in figure 5.2.
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Table 5.8. Annual labour costs due to daily, periodical and occasional O&M tasks in MSF 
systems. Based on tables 5.3 and 5.4 and labour cost in the Cauca Valley, 
Colombia, 1999.
MSF Alternative
Costs (US!>/year)
u>iiO Q = 5 Is*1 Q = 10 Is'1 Q = 20 Is'1
DvGF + SSF 367 803 1,415 2,131
DvGF + UGFL + SSF 908 1,222 1,938 2,986
DvGF + UGFS (2) + SSF 1,100 1,659 2,270 3,493
Dy<3F_+_UGFSX3) + SSF . 1,292 1,921 2,794 3,999
Table 5.9. Annual cost due to OM&A in MSF systems. Based on results presented in table 
5.8 and procedure described in sections 5.6.2 through 5.6.4.
MSF Alternative Costs (US$/year)
Q = 1 Is'1 Q = 5 Is*1 Q = 10 Is'1 Q = 20 Is'1
DyGF + SSF 1,175 1,677 2,380 3,203
DyGF + UGFL + SSF 1,797 2,159 2,982 4,187
DyGF + UGFS (2) + SSF 2,018 2,661 3,364 4,770
DyGF + UGFS (3) + SSF 2,239 2,962 3,966 5,352
1 10 100
Q: Flow (Is1)
Figure 5.2. Annual cost of Operation, maintenance, and administration (OM&A) for different 
MSF alternatives (Based on data included in table 5.9). Andean Cauca Valley, 
Colombia. 1999.
5.7.3 Comparison of MSF and conventional RF alternatives
With the construction and OM&A cost models obtained in Sections 5.7.1 y 5.7.2 for MSF 
alternatives, and cost models obtained by Aristizabal (1999) for conventional RF plants, 
comparisons can be made between these two treatment technologies. Figure 5.3 illustrates 
construction costs for both MSF alternatives and conventional RF plants. From this it is clear 
that there is a capital cost advantage in the most robust alternative of MSF (DyGF + 
UGFS(3) + SSF) up to 8 Is'1 and for the less (DyGF + SSF) up to 21 Is*1. Above these values, 
conventional RF plants begin to become competitive.
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Figure 5.3. Overall construction costs of MSF alternatives (figure 5.1 B) and conventional RF 
plants (Aristizabal, 1999). Cali area, Andean Cauca Valley, Colombia 1999.
Considering design periods of 10 and 15 years for MSF and conventional RF plants 
respectively, a project horizon of 30 years can be adopted. During this period two and three 
engineering interventions can be planned with the RF and MSF alternatives respectively. 
Several combinations are possible depending on initial border conditions. A simplification of 
the problem is to assume that production capacity at the “end” of project horizon is 30 Is'1 to 
be obtained gradually with three increments of 10 Is'1 with MSF technology and two of 15 Is'1 
with RF technology. Assuming this possibility, and using construction and annual OM&A cost 
models (included in figures 5.1B and 5.2), NPV of all costs can be obtained. Discount rate, r, 
usually varies in the range of 9 to 15% (Yepes, 1990). A value of 12% is adopted following 
current practice in the WS&S sector in Colombia. Figure 5.4 summarises NPV calculations 
including both construction and OM&A costs. The examples illustrated in figures 5.3 and 5.4 
show that MSF becomes even more competitive when running costs are included in cost 
analysis procedures.
Figure 5.4. Net present value (NPV) of overall construction costs and annual OM&A costs of 
MSF alternatives and conventional RF plants. Project horizon of 30 years. Cali area, 
Andean Cauca Valley, Colombia, 1999
188
5.8 General Discussion
The following observations can be made concerning the construction and cost models
described in this chapter:
• The proposed method to obtain these models has been found useful to obtain preliminary 
estimates of cost values. The models have been developed for treatment capacities in the range of 
2 to 25 is'1. Nevertheless, the assumptions and criteria indicated in Section 5.5 have to be kept in 
mind while interpreting the data, as the cost models as presented are only applicable for the region 
where the unit costs have been established.
• The models can be adjusted for a situation or particular region. This requires a systematic 
evaluation of experiences with the technology in the region concerned.
• The level of reliability of the cost estimate depends on a large extent on the quality of information 
concerning the unit cost.
• For the MSF technology the cost increases with the risk level associated with the water source. A 
higher risk requires a larger number of filtration steps and so larger construction quantities.
• Under similar operating conditions (plant capacity, construction materials, unit and labour cost and 
raw water quality), the option of MSF including UGFL is the most economical, followed by the 
options including UGFS (2) and UGFS (3). However, when these MSF alternatives operate with 
different filtering rates, cost models could become a practical tool to facilitate economical analysis.
The cost model obtained for MSF systems in the Andean Cauca Valley provides the 
following specific observations:
• The component with least effect on cost is the DyGF, contributing only between 6 and 8 percent 
(table 5.7). The SSF is the largest with 42 to 56 percent. This implies that the optimisation of SSF 
could provide a considerable cost reduction.
• The factors grouped under the heading “others" represent between 15 and 25 percent (table 5.7.), 
confirming the 80/20 percent cost distribution.
• The coefficient “b" is in the order of 0.80 for the components UGFL, UGFS (2), UGFS (3), and SSF; 
for DyGF this value is in the order of 0.75 (figure 5.1 A). Components, which have a higher impact 
on the costs, have a lower economy of scale. For the combined systems (figure 5.1B) these 
coefficients range between 0.78 and 0.79.
• The cost of MSF systems operating at filtration rates other than indicated in table 5.1, can also be 
estimated, because the models are based on the area of filtration.
• Example illustrated in figure 5.3 shows that conventional RF technology has a greater economy of 
scale (b = 0.36) than MSF technology (b in the range 0.78 to 0.79). Consequently, MSF 
technology should have shorter design periods than conventional RF technology.
• Figure 5.3 indicates that MSF in the Cauca Valley could have lower initial construction than 
conventional RF technology for treatment capacities < 8 (for DyGF + UGFS + SSF) to 21 Is*1 (for 
DyGF + SSF). Considering both construction and OM&A cost in medium to long term basis, MSF 
become more economically competitive than conventional RF technology at least up to 25 Is'1. 
This means that for rural communities and small municipalities MSF is also economically 
competitive.
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6 SELECTION OF MULTISTAGE FILTRATION ALTERNATIVES
Well-protected sources should be selected to provide safe drinking water supply (Okun,
1996). However, if water treatment is needed, development programmes aiming to improve 
drinking water quality must select and transfer technologies that match local conditions. In 
this chapter an example of a selection guide is proposed for several multistage filtration 
(MSF) alternatives based on experiences in the Andean Cauca Valley with pilot and full-scale 
plants processing surface (river/stream) water.
Based on results and discussion presented in Chapter 3 and 4, only upflow gravel filtration in 
layers (UGFL) and series (UGFS) are included as filtration alternatives for the second (CGF) 
stage of MSF plants. In summary, UGFL, having the shortest filter bed depth of all CGF 
alternatives, has economic advantages for treating less polluted surface water sources. 
Downflow gravel filtration in series (DGFS) showed similar (for suspended solids and faecal 
coliform bacteria) or lower (for turbidity and colour) mean removal efficiencies than UGFS. 
DGFS and UGFS have similar initial (capital) costs, but UGFS seems to have advantages 
from the maintenance point of view. Horizontal gravel filtration (HGF) showed lower removal 
efficiencies than UGFS when both CGF options had similar filter bed lengths. Besides, after 
comparative studies in full scale MSF system used for groundwater recharge in Switzerland 
Wegelin et al (1991) found that UGF units could be hydraulically cleaned more efficiently 
than HGF. However, "conventional” HGF, with long filter bed lengths without hydraulic 
cleaning facilities, seems to have advantages for non-permanent (or emergency situations) 
due to its large silt storage capacity and simplicity of construction.
The selection and transference of technology involves a large number of factors. The 
approach presented by the University of Oklahoma (Reid, 1982) distinguishes four 
information sets of factors that provide the framework for technology selection: social and 
technical aspects, indigenous resources, raw water quality, and demographic data. This 
approach was limited to evaluating the feasible treatment methods for a single community. 
Another concept presented in the literature takes technical, socio-economic, environmental, 
and managerial issues as main factors (Hofkes and Visscher, 1990). Together with previous 
factors, cultural aspects and the political, legal, and institutional framework were found 
important during some technology transference experiences in Colombia (Galvis, et al, 1997; 
Garcia et al, 1997; Quiroga et al, 1997; Visscher et al, 1997; Galvis and Vargas, 1998).
However, as the example of a selection guide to be presented only compares different MSF 
alternatives, several of the factors identified before can be disregarded. No comparison is 
made with other treatment alternatives such as rapid filtration (RF) of chemically coagulated 
water. RF options do not match the management capacity of the majority of the rural 
communities and the small and medium-sized municipalities, and in most cases they cannot 
guarantee the availability of chemical supplies required to keep the system functioning. The 
MSF technology on the other hand, is now well received in the Andean Cauca Valley by 
water-related institutions and community based organisations because its administration, 
operation and maintenance are much simpler than the requirements of other treatment
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systems. The differences between MSF alternatives are not considered significant in terms of 
management, and environmental impact. Demographic data is not a decisive factor either, as 
the economies of scale of the MSF options are similar. As a consequence, the selection 
guide focuses on three key criteria (Galvis, 1993)
• The sanitary significance of the raw water quality,
• The treatment efficiency required to meeting water quality guidelines or standards,
• The sustainability of the MSF option as indicated by the socio-economic acceptance at local level.
6.1 Basic Parameters of Sanitary Significance in Surface Water Sources
Based on the approach followed by Lloyd and Helmer (1991) for monitoring small WS 
systems and adopted later by WHO (1993 and 1997), the sanitary risk of surface water 
sources will be characterised with two basic parameters: faecal coliform counts and turbidity. 
Besides, considering that communities may reject water through aesthetic considerations, 
colour is included. Considerations about iron and manganese are also presented.
Faecal coliform levels. As indicated in section 2.2, health risks associated with microbial 
contamination are so important that their control is the top priority. Besides, If a large number 
of water sources need to be compared, the classification of risks makes it possible to 
establish priorities for remedial actions to reduce the acute sanitary risks in a given region.
Lloyd and Helmer (1991) have published a grading scheme (A to E) for faecal coliform levels 
per 100 ml to classify small water supplies in which A = 0; B = 1 -10; C = 11 -100; D = 101 -  
1000; and E > 1000. The results of sanitary inspections and water quality analyses carried 
out for different water sources in a region can be brought together in one model (see figure 
6.1). If this model is applied to several watershed areas in a region, a surface water source in 
a well-protected area, with very little human activity, should have low risk level and low 
treatment cost. The application of this model will help to define where improvements need to 
be made to reduce sanitary risks to acceptable levels. In harmony with the multiple barriers 
strategy (section 1.2) it is possible to improve the position of a small WS system in the 
model by, for example, changing the water source, modifying patterns of open field 
defecation and cattle breeding, or introducing on or off site waste water treatment. The 
application of the multiple barrier strategy should increase public health impact and reduce 
the capital and running costs of water treatment.
The short to medium term target should be to bring all surface water supplies at least to B 
(low hazard) grade. Besides, where institutional and community development make chemical 
disinfection possible the microbiological target should be consistently grade A (Lloyd et al, 
1991). Under the Surface Water Treatment Rule in the USA, among other criteria 
summarised in section 2.3, the level of faecal contamination must be < 20 CFU/100 ml in 
90% of the samples before chemical disinfection (Pontius, 1990). Lloyd et al (1991) and later 
WHO (1993, 1997) suggested < 3 and 25 CFU/100 ml for the mean and maximum faecal 
coliform levels before terminal disinfection, as summarised In table 2.15. To obtain water 
grade B before terminal disinfection the treatment objectives proposed for faecal coliform
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bacteria in the effluents of MSF alternatives are < 3 and 10 CFU/100 ml for the mean and
maximum faecal coliform levels respectively.
s a n i ta ry  inspection  risk score 
0 1 2 3 4 5 6 7 8  >9
Figure 6.1 Zoning of combined risk analysis of sanitary inspections and faecal coliform 
contamination levels for prioritising remedial action strategies to reduce 
microbiological contamination (Lloyd and Helmer, 1991).
Turbidity levels. Turbidity affects both the treatment efficiency and acceptance of the water 
by the consumers as summarised in section 2.3. Results presented and discussed in chapter 
3 (section 3.2.4.1, table 3.21) indicate that SSF can achieve desired levels of faecal coliform 
removal with turbidities < 5 NTU in 98% of samples taken from SSF effluents. This seems to 
be in harmony with previous findings in the literature (Bryant et al 1992) indicating that 
pathogen removal effectiveness of SSF should not be considered on the basis of turbidity. 
This parameter is particularly relevant to the effectiveness of disinfection by chlorine. High 
turbidity increases the chlorine demand and reduces the impact of disinfection. Under the 
Surface Water Treatment Rule in the USA, among other criteria summarised in section 2.3, 
the turbidity has to be < 5 NTU before chemical disinfection but sometimes higher values are 
accepted provided they occur no more than twice a year (Pontius, 1990). The water quality 
guidelines of WHO (1993 and 1997) indicate that disinfection with chlorine can be effective if 
the previous treatment steps provide water with a maximum turbidity of 5 NTU and an 
average turbidity < 1 NTU. Based on previous considerations, the treatment objective 
proposed for turbidity is < 5 NTU in the effluents of MSF alternatives, before terminal 
disinfection.
Colour levels. Colour affects both the treatment efficiency and acceptance of the water by 
the consumers as summarised in section 2.3. Colour is an indirect indicator for the presence 
of fulvic and humic acids, which often constitute an important portion of organic material in 
surface water sources (Spencer and Collins, 1991; WHO, 1993). Chlorine reacting with 
organic material can cause oxidation by-products (OBPs) that may present chronic health 
risks. These types of chronic risks should not be ignored but they are much less significant to 
pubic health than acute risks associated with microbial contamination and should not 
compromise terminal disinfection of polluted surface water sources (Craun et al, 1994; 
Otterstetter and Zepeda, 1996; Galal-Gorchev, 1996). Based on aesthetic considerations the
192
guideline for colour is < 15 PCU (WHO, 1993). Therefore, to improve community acceptance 
and to reduce potential precursors of OBPs, it is considered desirable to have <15 PCU as 
treatment objective for colour in the effluents of MSF alternatives. This desirable treatment 
objective is considered a second priority to those proposed for faecal coliforms and turbidity.
Iron and Manganese levels. Taste and possibility of staining clothes can cause community 
rejection. The treatment objectives proposed for iron and manganese are < 0.3 and 0.1 mol'1. 
following WHO (1993) guidelines.
6.2 Treatment Efficiencies of Multistage Filtration Alternatives
Two main types of rivers, highland and lowland Andean rivers have been included in this 
study. Although the sanitary risks in the highland rivers are lower than In the lowland river, 
they all need to be treated before water graded A or B can be consistently supplied. An 
overview of water quality in four of the surface water sources used in this study is shown in 
figure 6.2. Treatment efficiencies observed in MSF alternatives processing these types of 
surface water sources are summarised in tables 6.1 and 6.3. Considerations about the water 
treatment concepts introduced in Section 1.2 are presented below to underline some criteria 
to be taken into account in the process of developing an example of a selection guide for 
multistage filtration (MSF) alternatives, before terminal disinfection.
Faecal coliform removal efficiencies. During the 1980s, water surveillance strategies and 
tools were developed and transferred to the Andean Region (Lloyd and Helmer, 1991; WHO,
1997). However, the information available about the surface water quality in most areas of 
the region is not clear due to the limited implementation of water surveillance activities. 
Nevertheless, based on some project and institutional reports quoted in chapter 1, it seems 
that the great majority of surface water sources in the region supply water graded C, D, or E, 
according to the classification proposed by Lloyd and Helmer (1991). The pilot and full-scale 
MSF plants monitored during the present research work have processed water with a wide 
range of microbial contamination levels but all inside the D and E grades (figure 6.2). Both 
pilot and full-scale MSF alternatives included in this study showed great potential to treat this 
wide range of microbial contamination levels, as summarised in table 6.1. Most of the time ail 
MSF alternatives followed the multistage water treatment concept. They gradually 
removed faecal contamination and consistently produced effluents low in sanitary risk prior to 
terminal safety disinfection.
Under the integrated water treatment concept, DyGF played a minor role in reducing 
faecal coliform levels. At pilot scale DyGF contributed 0.6 to 0.8 log units of the overall 
removal of 4.1 to 5.6 log units obtained in the MSF system at Puerto Mallarino during test 
periods II, III and IV. However, the combination of DyGF and CGF played a very important 
role in this respect. For example, during test period III at Puerto Mallarino, the combination of 
DyGF and CGF stages contributed 2.2 to 3.2 of the overall 4.8 to 5.3 log-units reduction. As 
shown in table 6.1, load sharing occurs between filtration stages. SSF units with the highest 
efficiency usually follow the CGF lines with lowest efficiency. A similar observation is 
reported by CEHE (1999) for turbidity removal.
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Figure 6.2. Cumulative (%) frequency distribution of faecal coliform (A), turbidity (B), and 
colour (C) levels in surface (river) water sources feeding MSF pilot plant system 
(Cauca river) and three full scale plants placed on the hillsides of the Andean 
Cauca Valley of Colombia.
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Table 6.1. Individual (at each treatment stage) and cumulative (up to the end of SSF stage) 
mean removal efficiencies of basic water quality parameters in MSF pilot system 
at Puerto Mallarino.
Filtration
Period
Influent mean values Individual mean efficiencies
Stage Rates(mh’)
Turbidity
(NTU)
Colour
(PCU)
Faecal 
Coliforms 
(CFU/100 ml)
Turbidity
(%)
Colour
(%)
Faecal 
Coliforms 
(log. units)
DyGF stage
(0.9-1.4) I 109 81 41,184 32 11 0.2
DvGF (1.4-2.5) II 59 54 31,800 41 15 0.6
(1.4-2.5) III 51 35 97,779 43 14 0.8
(1.9-2.8) IV 52 57 108,796 40 16 0.6
CGF stage
0.3 I 74 72 24,758 84 69 2.6
1 IftCC 0.45 II 35 46 8,843 77 54 2.3uoro
0.6 III 29 30 16,823 77 53 2.4
0.75 IV 31 48 26,226 75 63 2.3
0.3 I 74 72 24,758 70 44 1.8
11/5FI 0.45 II 35 46 8,843 54 28 1.3U O r L
0.6 III 29 30 16,823 55 30 1.4
0.75 IV 31 48 26,226 61 46 1.3
SSF stage
0.1 I 12 22 65 64 73 2.8
Q Q C  4 0.1 II 8.1 21 45 75 67 2.7O O r  1
0.55 III 6.6 14 64 82 57 2.1
0.15 IV 7.8 18 127 74 67 1.8
0.1 I 22 40 369 85 88 3.1
c c c  o 0.1 II 16 33 452 79 70 2.2O O P  4 0.15 III 13 21 637 89 67 2.6
0.15 IV 12 26 1,226 77 69 2.0
Treatment lines Period Effluent mean values Cumulative mean efficiencies
I 4.3 6 0.1 96 93 5.6
DvGF + UGFS + SSF1 II 2.0 7 0.1 97 87 5.5
III 1.2 6 0.5 98 83 5.3
IV 2.0 6 2.2 96 89 4.7
I 3.2 5 0.8 97 94 5.1
II 3.3 10 2.7 94 81 4.1DyGF + UGFL + SSF2 III 1.4 7 1.7 97 80 4.8
IV 2.8 8 10.7 95 86 4.0
UGFS comprises three filtration steps. The contributions of each step to the overall removal 
efficiencies of this CGF stage are included in table 6.2. This table also includes the removal 
efficiencies of UGFL for comparative purposes. Most of the influent SS to the UGFS line 
were removed in the 1st filtration step. During period III, for example, the 1st, 2nd, and 3rd steps 
removed on average 72, 11, and 11% of influent SS respectively. This result is in harmony 
with the higher headlosses found in the 1st step in comparison with the other two steps 
(Section 3.2.4.3 and table 3.27). In contrast, the 3rd filtration step shows higher faecal 
coliform removal efficiencies (log units) than the other two steps. It seems to be that the step 
by step filtration approach in this treatment line (UGFS) probably provided a better 
environment for polishing micro-organisms at the end of this CGF filtration alternative than in 
UGFL
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Table 6.2. Individual (at each filtration step) and cumulative (at the end of the filtration 
stage) removal efficiencies of upflow CGF stages of MSF pilot system at Puerto 
Mallarino. Tests periods II and III, Phase 1
Test
period
Water
after
DyGF(1)
CGF stages UGFS UGFL
UGFS units
UGFL
Individual1"
Cumulative
Individual
&
cumulative1 2 3 1 2 3
Mean values Removal efficiencies
II
Turbidity (NTU) Turbidity removal (%)
35 20 14 8 16 43 30 43 77 54
III 29 18 12 6 13 38 33 50 79 55
II
Faecal coliforms (CFU/100ml) Faecal coliforms removal (log. units)
8,843 2,279 425 45 452 0.6 0.7 1.0 2.3 1.3
III 6,570 1,184 421 61 400 0.7 0.5 0.8 2.0 1.2
II
Colour (PCU) Colour removal (%)
46 39 31 21 33 15 21 32 54 28
III 32 26 22 16 22 18 15 27 50 31
(1) Integrated water after DyGF stage
(2) Individual contributions of each treatment unit to the cumulative removal efficiencies of the CGF stage
The results in table 6.3 also show how the different full-scale MSF plants adapted to the type 
of raw water and the faecal coliform levels in it. In Shaloom the DyGF and CGF stages 
contributed 1.2 of the overall 2.8 log-units reduction, and in Colombo, which receives more 
contaminated water, the combination of DyGF and CGF stages contributed 1.8 of the overall
4.7 log-units reduction. However, the SSF stage in Colombo seems to be overloaded and a 
better application of the integrated water treatment concept would indicate a more robust 
CGF stage to reduce the risk of any failure in SSF which could compromise the role of 
terminal disinfection as a safety barrier.
In spite of the high mean removal efficiencies showed by all MSF alternatives included in this 
study, they showed differences in fulfilling proposed treatment objectives, depending on 
factors such as turbidity removal efficiencies, filtration rates, initial costs, and O&M 
requirements. These factors will be considered in the process of developing selection guide 
examples.
Turbidity removal efficiencies. As presented in Chapter 4, full-scale MSF alternatives 
processing surface water sources with mean turbidity values in the range of 4 to 24 NTU did 
not have limitations in fulfilling the proposed treatment objective for this parameter. In 
contrast, as shown in Chapter 3, pilot scale MSF alternatives processing Cauca River water, 
showed some limitations in producing water with turbidities consistently < 5 NTU, particularly 
during the 1st test period. In spite of the low filtration rate used during this period (0.3 mh'1) all 
CGF alternatives failed to produce mean turbidity values < 10 NTU before the SSF stage. 
The high mean raw water turbidity value (109 NTU) together with the lengthy initial ripening 
period observed in CGF stage could have contributed to the poor performance observed 
during period I.
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Table 6.3. Individual (at each treatment stage) and cumulative (up to the SSF stage) mean 
removal efficiencies of basic water quality parameters in full-scale MSF plants.
Filtration Filter 
bed -  
length
(m)
Treatment plant
Influent mean values Individual mean efficiencies
Stage Rates(mh*1)
Turbidity
(NTU)
Colour
(PCU)
Faecal 
Coliforms 
(CFU/100 ml)
Turbidity
(%)
Colour
(%)
Faecal 
Coliforms 
(log. units)
DyGF stage
1.5 0.6 Shaloom (UGFL) 3.8 15 2,895 21 20 0.2
8.7 0.6 Caftas G. (UGFS(2)) 12 21 7,046 8 10 0.1
DyGF 1.4 0.6 Retiro (UGFL) 15 24 6,416 52 17 0.5
0.9 0.6 Colombo (UGFL) 15 25 51,916 57 24 0.7
1.6 0.3 Javeriana (HGF) 24 30 14,935 29 10 0.2
CGF stage
0.7 2.0 Ceylan (UGFS(2)) 2.8 5 330 71 20 0.8
0.6 1.5 Shaloom (UGFL) 3.0 12 1,680 37 17 0.9
0.7 2.0 Caftas G. (UGFS(2)) 11 19 5,334 54 16 1.1
CGF 0.7 7.0 Restrepo (HGF) 7.5 12 831 65 42 1.0
0.5 0.9 Retiro (UGFL) 7.2 20 2,152 42 20 0.9
0.5 1.2 Colombo (UGFL) 6.4 19 10,063 30 21 0.7
0.9 4.0 Javeriana (HGF) 17 27 9,092 71 41 1.0
SSF stage
0.13 1.2 Ceylan (UGFS(2)) 0.8 4 52 50 25 1.8
0.15 1.0 Shaloom (UGFL) 1.9 10 214 58 40 1.7
0.12 1.2 Caftas G. (UGFS(2)) 5.1 16 408 84 75 2.4
SSF 0.17 1.2 Restrepo (HGF) 2.6 7 77 77 57 2.0
0.10 1.2 Retiro (UGFL) 4.2 16 301 79 69 2.3
0.08 1.2 Colombo (UGFL) 4.5 15 2,008 87 73 3.3
0.10 1.2 Javeriana (HGF) 4.9 16 922 82 75 3.1
Treatment Plant Effluent mean values Cumulative mean efficiencies
UGFS(2) + SSF Ceylan (UGFS(2)) 0.4 3 0.9 86 40 2.6
DyGF + UGFL + SSF Shaloom (UGFL) 0.8 6 4.3 79 60 2.8
DyGF + UGFS(2) + SSF Caftas G. (UGFS(2)) 0.8 4 1.5 93 81 3.7
HGF + SSF Restrepo (HGF) 0.6 3 0.7 92 75 3.1
DyGF + UGFL + SSF Retiro (UGFL) 0.9 5 1.4 94 79 3.7
DyGF + UGFL + SSF Colombo (UGFL) 0.6 4 0.9 96 84 4.7
DyGF + HGF + SSF Javeriana (HGF) 0.9 4 0.8 96 87 4.3
The high capacity of DyGF to reduce SS and turbidity values with relatively low initial capital 
and running costs is the strength of this treatment stage. During period III, for example, 
DyGF stage at Puerto Mallarino showed an individual SS removal efficiency of 72% 
meanwhile the overall DyGF + UGFS + SSF] treatment line showed a cumulative SS 
removal efficiency of 99.7%. During the same period this treatment line had a cumulative 
turbidity removal efficiency of 98% (table 6.1), with DyGF stage contributing 43%.
CGF stage is more costly than DyGF stage but cheaper than SSF stage. The CGF stage 
also has an important contribution in reducing SS and turbidity levels. However, UGFL 
presents lower individual removal efficiencies than UGFS (table 6.1). Mean turbidity levels of 
UGFS effluents were usually below 10 NTU meanwhile UGFL effluents were above 10 NTU. 
During test period III Both SSF] (working in series with UGFS) and SSF2 (working in series 
with UGFL) produced effluents with mean turbidity values below 5 NTU in 99% of the 
samples (table 3.21). Consequently, both MSF alternatives DyGF + UGFL + SSFi and DvGF 
+ UGFS + SSF? fulfilled the multistage water treatment concept (gradually reduced raw water 
turbidity with similar cumulative mean removal efficiencies and effluent turbidity values < 5
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NTU). But treatment line 2 (DvGF + UGFL + SSF?) did not properly follow the integrated
water treatment concept. In this treatment line too much turbidity (solids) was reaching the 
SSF2 unit reducing its filter run lengths (figure 3.24) and increasing its running cost. SSF is 
the most labour demanding stage, during partial or total cleaning activities, of all filtration 
stages included in MSF plants.
As shown in table 6.2, most of the influent turbidity (as with SS) to the UGFS line was 
removed in the 1st filtration step. During period III, for example, the 1st, 2nd, and 3rd steps 
removed on average 38, 21, and 21% of influent turbidity respectively. In spite of the 
relatively low headlosses observed in the 2nd and 3rd filtration steps of UGFS line, they seem 
to play an important role in removing small particles, which are not very relevant for SS 
measurements but are for turbidity. During period III, for example, mean turbidity effluents of 
UGFS and UGFL were 6 and 13 NTU respectively.
Excluding Ceylan (table 6.3), full-scale MSF plants had influents with mean turbidity values in 
the range 12 to 24 NTU and turbidity removal efficiencies in the range 73 to 96%. Pilot scale 
MSF systems had influents with mean turbidity values in the range 51 to 109 NTU and 
turbidity removal efficiencies in the range 95 to 98%. In contrast with the great flexibility 
observed for faecal coliform reductions, removal efficiency did not increase in the same way 
for turbidity in the MSF alternatives. Besides, CGF and SSF stages at Puerto Mallarino were 
set to work at constant filtration rates and did not benefit from the overall protection capacity 
of DyGF stage discussed in Section 3.2.2.3.
High mean turbidity values may originate from a series of turbidity peaks or from constant 
base levels. In the case of turbidity peaks, it is essential that their impact can be reduced with 
the use of the DyGF and that there is adequate O&M to avoid the reduction in treatment 
efficiency and shortening of SSF runs. Even more, at least during working hours, the operator 
may include partially or totally closing the intake for short periods of time to avoid these peaks 
reaching the system. Up to certain limits, an increase in constant base level of turbidity 
implies the need for a more robust CGF stage. This may be obtained by using a lower 
filtration rate in a given set of filter beds or a longer retention time, by using a deeper/larger 
gravel bed with a given filtration rate. Another possibility is to include an additional treatment 
stage such as plain sedimentation.
Colour removal efficiencies. Ceylan, Carias G, Shaloom, and La Rivera full-scale MSF 
plants fulfilled proposed treatment objective {<> 15 PCU) for this parameter, processing 
surface water sources with mean and maximum colour values in the range 5 to 20 PCU and 
21 to 70 PCU respectively. During test period III all MSF alternatives at Puerto Mallarino 
produced water with colour levels consistently < 15 PCU processing Cauca River water with 
mean and maximum colour values of 35 and 72 PCU respectively. In contrast, as presented 
in Section 3.2.4.1, pilot scale MSF alternatives showed some limitations in producing water 
with colour levels consistently < 15 PCU processing Cauca River water with mean colour 
levels of 81, 54 and 57 PCU during test periods I, II, and IV respectively.
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As shown in tables 6.1 and 6.3, colour is poorly removed at the DyGF stage. Colour is mainly 
removed at the CGF and SSF stages. Depending on colour levels in the raw water sources 
and the type of CGF option, the contribution to overall colour removal efficiencies in MSF 
alternatives can be higher at the CGF or SSF stage.
Iron and manganese removal efficiencies. Both pilot and full-scale MSF plants showed a 
great potential to reduce the iron and manganese levels found in the surface water sources 
included in this study. Most of the total iron in influent raw water at Puerto Mallarino is 
already oxidised (ferric) facilitating its removal by filtration (Grandjean, 1996). The reductions 
of these parameters in the CGF stages did not limit the application of SSF technology in the 
Andean Cauca valley. Guidelines for Iron and Manganese before SSF were summarised in 
table 2.6. Based on those guidelines it is recommended to have < 1 and 0.2 mgl'1 for iron and 
manganese respectively before the SSF stage.
6.3 Water Treatment Concepts and Treatment Objectives in MSF Alternatives
In this study, MSF pilot alternatives, processing a heavily polluted surface water source, 
showed mean faecal coliform, turbidity and colour cumulative removal efficiencies in the 
ranges of 4 to 5.6 log units, 95 to 98%, and 80 to 94% respectively. Full scale plants 
processing surface water sources with different levels of pollution showed mean faecal 
coliform, turbidity and colour cumulative removal efficiencies in the ranges of 2.6 to 4.7 log 
units, 79 to 96%, and 48 to 86% respectively. However, these removal efficiencies are 
meaningless if they are not enough to achieve established water treatment objectives or if 
they are not gradually obtained in harmony with the strengths and weaknesses of each 
treatment stage in a given treatment plant. The selection examples will be focussed on three 
parameters: faecal coliform, turbidity, and colour. However, treatment objectives for iron and 
manganese are also included below.
Based on previous considerations and following the multistage water treatment concept, the 
treatment objectives proposed for MSF effluents before terminal disinfection are:
• Mean and maximum faecal coliform levels < 3 and 10 CFU per 100 ml
• Turbidity levels < 5 NTU
• Colour levels <15 PCU
• Iron < 0.3 mgl'1
• Manganese <0.1 mgl'1
Based on previous considerations and following the integrated water treatment concept, the 
following complementary treatment objectives are proposed for CGF effluents in MSF plants 
to reduce possible limitations of the SSF stage, to produce effluents with low sanitary risks 
and to have filtration run lengths above 30 days:
• Faecal coliform levels < 1000 CFU per 100 ml
• Turbidity levels <10 NTU
• Iron levels < 1 mgl'1
• Manganese < 0.2 mgl'1
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6.4 Selection of MSF Alternatives
The databases developed during the present study after monitoring both pilot and full scale 
MSF plants are used as a reference to produce an example of a selection guide of MSF 
alternatives. The following steps are followed to produce the example:
Adjusted databases. Initially, databases are “adjusted" to include only those data sections 
(blocks) having CGF and SSF effluents fulfilling the established treatment objectives in 
Section 6.3. These adjusted databases are used to obtain descriptive statistics and 
frequencies of raw water pollution levels that could be treated with each MSF alternative. 
These statistics are used only to obtain a preliminary idea of raw water types that could be 
treated with the MSF alternatives included in this study, following the proposed treatment 
objectives. Summaries of these adjusted or "virtual” descriptive statistics are included in 
Annex 7.
MSF alternatives and raw water types. Preliminary raw water types are identified based on 
95-percentile (P95) of the adjusted raw water databases for turbidity and faecal coliform 
levels. These percentiles are used to plot a preliminary zoning diagram (figure 6.3). MSF 
alternatives are distributed in this diagram based on their respective raw water statistics for 
turbidity and faecal coliform levels.
Raw water types. Taking only as a reference the results summarised in figure 6.3 and the 
adjusted databases, several surface (river) raw water types are defined by combining 
different turbidity (A) and faecal coliform (B) levels. Turbidity is characterised by mean, P95)
and maximum values; faecal coliform and colour levels are characterised by mean and
maximum values. Several contamination levels and different combinations of these 
parameters are possible depending on local conditions in a particular site. As an example, 
related to the author’s experience in the Andean Cauca Valley, a set of raw water types is 
included in table and figure 6.4. The poorest water quality conditions of Cauca River,
identified as A6 B6 and A7 B6 in figure 6.3, were intentionally not recovered in figure 6.4.
These high contamination levels seem to take MSF technology to extreme limits in which 
O&M may be too demanding, at least for small WS systems.
Assumed removal efficiencies. Individual and cumulative MSF removal efficiencies must 
be sufficient to fulfil proposed treatment objectives, processing P95 turbidity values. It is 
assumed that maximum turbidity (peak) values can only be processed by a combination of 
flow reductions at the DyGF stage (Protection capacity concept introduced in Section 3.2.2.3) 
and improved cumulative removal efficiencies. MSF alternatives summarised in the example 
presented in figure 6.4 are expected to produce effluents with mean turbidity values < 1 NTU 
when processing surface (river) water below the mean raw water turbidity values. However, if 
this (< 1 NTU) is not a treatment objective, MSF alternatives can still be selected as long as 
they can fulfil the treatment objective (<10 and 5 NTU in the effluents of CGF and SSF 
stages respectively) when processing raw waters with P95 and maximum turbidity values.
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(1) Pilot (Chapter 3) and full-scale (Chapter 4) MSF alternatives are distributed in this diagram according to their 
respective adjusted raw water 95 percentiles of turbidity and faecal coliform levels. All these MSF alternatives 
would fulfil the proposed treatment objectives with their adjusted raw water databases.
(2) The following turbidity values are included between brackets close to the name of each MSF alternative 
(mean; P95; and maximum values). A summary of statistics for turbidity, faecal coliform and colour values of 
adjusted databases are included in Annex 7.
(3) This figure is used only to visualise raw water contamination levels and classifying MSF filtration alternatives 
according to the raw waters they could approx. process fulfilling proposed treatment objectives. This figure, in 
combination with tables 6.1 and 6.3, serves as a reference to estimate individual (each treatment stage) or 
cumulative (MSF alternative) removal efficiencies when dealing with similar raw water sources and 
environmental conditions to those found in the Andean Cauca Valley (Chapters 3 and 4).
Figure 6.3. Distribution of MSF alternatives that would produce effluents fulfilling the 
proposed treatment objectives with their respective raw water sources.
Individual and cumulative MSF removal efficiencies must be enough to fulfil treatment 
objectives (< 1,000 and 10 CFU/100 ml in the effluents of CGF and SSF stages respectively) 
processing raw water with maximum faecal coliform levels. Besides, MSF alternatives must 
produce < 3 CFU/100 ml processing raw water with mean faecal coliform levels.
Individual and cumulative MSF removal efficiencies should be enough to fulfil treatment 
objectives (< 15 PCU in the effluent of SSF stage) processing raw water with maximum 
colour levels. Considering the community acceptance of MSF effluents having mean colour 
values below 5 PCU (table 6.3) mean colour values included in figure 6.4 are such that MSF 
alternatives included in the example are able to produce final effluents with mean colour
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values < 5 PCU. However, effluent colour levels are understood as secondary treatment 
objectives and must not compromise the fulfilment of faecal coliform and turbidity treatment 
objectives. Nevertheless, final decisions about using surface water sources with high colour 
levels should be taken in agreement with the recipient communities.
Identifying potential filtration stage alternatives. The MSF alternatives included in figure
6.3 are taken only as a reference because the selection example is developed by identifying 
and combining filtration stages rather than by taking any particular monitored (real) MSF 
alternative. The mean individual and cumulative turbidity, faecal coliform and colour removal 
efficiencies observed during the present study are taking also as a reference to estimate 
more general removal efficiencies for the Andean Cauca Valley of Colombia. Similar or lower 
removal values to those presented in tables 6.1 and 6.3 are assumed for each filtration stage 
depending on contamination levels, filter bed lengths and filtration velocities.
Cost indicators (such as gravel bed lengths and number of units working in series) of the 
MSF alternatives included in figure 6.3 are also taken into account to make 
recommendations. For example, Retiro being able to process raw water type A3 B4 (figure 
and table 6.3) is cheaper to build and maintain than Restrepo being able to process raw 
water type A2 B4. Retiro has UGFL (0.9 m gravel bed depth) operating at 0.5 mh'1 meanwhile 
Restrepo has HGF (7 m filter bed length) operating at 0.7 mh'1. Of course Restrepo having a 
long HGF filter bed could be used to process more polluted water sources. However, after 
the results presented and discussed in Chapter 3, UGFL and UGFS are preferred to HGF 
alternatives for permanent solutions.
Different combinations of filtration stages are identified to treat raw water types. In general, 
filter bed lengths increase with the contamination levels in raw water types while filtration 
rates decrease. Unsurprisingly, capital and running costs of MSF plants increase with 
increasing contamination levels in their raw water types. An example of different 
combinations of filtration stages, producing different MSF alternatives, is included in table 6.4 
and figure 6.4. All these MSF alternatives fulfil proposed water treatment objectives.
6.4.1 Example of a selection guide for MSF alternatives
Table and figure 6.4 summarise the iterative process followed to produce an example of a 
selection guide. A set of raw water types with different turbidity, faecal-coliform, and colour 
levels was adopted. Filtration stage alternatives and individual removal efficiencies were 
estimated based on results summarised in tables 6.1 and 6.3 and the literature review 
included in Chapter2. Filter bed length and filtration rates are indicated for each filtration 
stage. The characteristics of the filter media for the different filtration stages are in line with 
specifications and design criteria provided in table 3.1.
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Table 6.4. An example of identification of MSF alternatives fulfilling established treatment 
objectives for removing turbidity, faecal coliform bacteria and colour, based on 
experiences in the Andean Colombian Cauca Valley.
Filter Filtration
rates
(mh'1)
Influent contamination levels Individual efficiencies
Filtration
stages
bed
length
(m)
Type
F. coliforms 
Maximum 
(CFU/100ml)
Turbidity
P95%
(NTU)
Colour
Max.
(PCU)
F. coliforms 
(log. units)
Turbidity
(%)
Colour
(%)
DyGF stage
X1Y1 <2,500 <15 <30 0.1 10 10
0.6 2.5 XiY2 <5,000 <15 <30 0.1 10 10
x ,y4 <45,000 <15 <30 0.1 10 10
DyGF
x2y2 <5,000 <30 <40 0.3 30 10
0.6 2.0 x2y3 <15,000 <30 <40 0.3 30 10
x 3y4 <45,000 <50 <50 0.3 30 10
0.6 1.5
x4y4 <45,000 <60 <55 0.4 35 10
X5Y4 <45,000 <70 <60 0.4 37 10
CGF stage
0.9 0.75 X1Y1 <1,986 <14 <27 0.7 38 15
UGFL
1.0 0.6
XiY2 <3,972 <14 <27 0.8 40 15
x2y2 <2,506 <21 <36 0.8 52 17
UGFS(2) 2.0 0.6 x2y3 <7,518 <21 <36 1.1 55 21
0.6
XiY4 <35,745 <14 <27 1.7 60 25
UGFS(3) 3.6
x3y4 <22,553 <35 <45 1.8 72 35
0.45 x4y4 <17,915 <39 <50 1.9 75 40
0.3 x5y4 <17,915 <44 <54 2.0 78 45
SSF stage
0.9 0.2 X1Y1 <396 <8.7 <23 1.6 65 35
XiY2 <630 <8.4 <23 1.9 70 50
x 2y2 <397 <10 <30 1.9 70 50
SSF x2y3 <567 <9.5 <28 1.9 70 50
1.0 0.15 x ,y4 <713 <5.6 <20 1.9 70 50
x3y4 <357 <9.8 <29 1.9 70 50
x4y4 <226 <9.8 <30 1.8 70 50
x5y4 <179 <9.7 <30 1.8 70 50
Examples of MSF alternatives
Raw
water
type
Effluent contamination levels Cumulative efficiencies
F. coliforms 
Maximum 
(CFU/100ml)
Turbidity
Pas
(NTU)
Colour
Max.
(CPU)
F. coliforms 
(log. units)
Turbidity
(%)
Colour
(%)
DyGF2.5 + UGFL0.75 + SSFo,2 
DyGF2.5 + UGFL0.60 + SSF0.15 
DyGF2.5 + UGFS(3)o.6 + SSF0.15
X1Y1
X]Y2
XiY4
<9.9
<7.9
<9.0
<3.0
<2.5
<1.7
<15
<12
<10
2.4
2.8
3.7
80
83
89
50
60
67
DyGF2.o + UGFL0.6 + SSF0.15 
DyGF2.o + UGFS(2)o.6 + SSF0.15
x2y2
x2y3
<5.0
<7.1
<3.0
<2.8
<15
<14
3.0
3.3
90
93
63
65
DyGF2.o + UGFS(3)o.6 + SSF0.15 x3y4 <4.5 <2.9 <15 4.0 94 70
DyGFi.5 + UGFS(3)o,45 + SSF0.15 x4y4 <3.6 <2.9 <15 4 .1 9 5 73
DyGFi 5 + UGFS(3)o,3 + SSF0.15 x5y4 <2.8 j <2.9 <15 4.2 96 75
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(1) The number between brackets indicates the number of filtration steps in UGFS alternatives. The sub-index 
means filtration rates in mh'1.
(2) Raw water may be directly disinfected (without filtration) if turbidity and faecal coliform levels are below 5 
NTU and 20 CFU/100 ml in 95% of samples respectively. These low contamination levels must be confirmed 
periodically with sanitary inspections and analyses in the watershed area.
(3) DyGF + SSF (without CGF stage) could be applied if turbidity and faecal coliform levels are below 10 NTU 
and 20 CFU/100 ml in 95% of samples respectively. These low contamination levels must be confirmed 
periodically with sanitary inspections and analyses in the watershed area.
(4) Turbidity treatment objectives (<, 10 and 5 NTU in CGF and SSF effluents respectively) should be obtained 
with 95 percentile (P95) turbidity values. It is expected that maximum (peak) turbidity values can be treated 
thanks to the protection capacity of DyGF stage, combining flow reductions with higher removal efficiencies.
(5) Faecal coliform treatment objectives (£ 1,000 and 10 CFU/100 ml in CGF and SSF effluents respectively) 
should be obtained with maximum faecal coliform levels. With medium faecal coliform levels in raw water 
sources SSF effluents should have effluents with mean values £ 3 CFU/100 ml before terminal disinfection).
(6 ) Colour treatment objective (£ 15 PCU in SSF effluents) should be obtained with Maximum colour levels. This 
is a secondary treatment objective and should not compromise previous treatment objectives or terminal 
disinfection as a safety barrier.
Figure 6.4. An example of a selection guide for MSF alternatives fulfilling established 
treatment objectives for removing turbidity, faecal coliform bacteria and colour, 
based on experiences in the Andean Colombian Cauca Valley.
If high turbidity values last for more than a few (2 or 3) days, another treatment stage such as 
plain sedimentation becomes necessary. Even with low turbidity water sources a grit 
chamber may be required before DyGF stage if rivers or streams transport significant 
amounts of sand or similar materials. Mean turbidity raw water values shown in figure 6.4 
should allow MSF alternatives to produce effluents with mean turbidity values  ^ 1 NTU. 
However, this possible treatment objective may limit MSF technology in those regions with 
more turbid raw water sources. This objective seems to be arguable since low microbial 
sanitary risk can be obtained with turbidity levels > 1 NTU. However, in those regions with 
mean raw water turbidity levels < 25 NTU, like the hillsides of the Cauca Valley, it is an 
achievable objective benefiting the efficacy of terminal low dose chemical disinfection.
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MSF technology showed great flexibility in dealing with different faecal contamination levels. 
However, in harmony with the multiple barrier strategy, it is emphasised that the selection 
and protection of good water sources should be a better solution than having to rely on more 
costly MSF alternatives. Besides, SSF stage may become overloaded and terminal 
disinfection can be compromised as a safety barrier.
6.4.2 Examples to illustrate level of performance achieved by MSF plants
Based on the results presented in table and figure 6.4, examples similar to that presented by 
Lloyd et al (1991) and WHO (1993), included in Chapter 2 (table 2.15), can be produced but 
considering more specific CGF alternatives, in harmony with raw water contamination levels.
Table 6.5. Examples of performance objectives for removal of turbidity, faecal coliform 
bacteria, and colour with different raw water sources and MSF alternatives
Stage and process
Turbidity Faecal coliform bacteria
individual
Removal1
Average
loading
(NTU)
' (2. 3)
P»6
(NTU)
Individual Average 
Removal loading 
(log units) (Per 100 ml)
Maximum 
loading 
(Per 100 ml)
Raw water type X2 Y2; MSF alternative DyGF2.o + UGFLo.eo + SSF0.15
DyGF (3) 30 10 30 0.3 1,500 5,000
UGFL 50 7 21 0.8 750 2,500
SSF >70 3 10(4) 1.9 117 400
Disinfection - <1 <3 >3.0 <1 <5
Distributed Water - <1 <3 <1 <1
Raw water type X3 Y4; MSF alternative DyGF2.o + UGFSo.e + SSF0.16
DyGF(3) 30 16 50 0.3 15,000 45,000
UGFS 72 30 35 1.8 7,518 22,550
SSF >70 6 10(4) 1.9 119 360
Disinfection - <1 <5 >3.0 <2 <5
Distributed Water - <1 <5 <1 <1
Raw water type: X5 Y4; MSF alternative: DyGFi.s + UGFS0.2 + SSF0.15
DyGF (3) 37 25 70 0.4 15,000 45,000
UGFS 78 16 44 2.0 5,900 17,900
SSF >70 3 10(4) 1.8 95 180
Disinfection . <1 <3 >3.0 <2 <3
Distributed Water - <1 <5 <1 <1
(1) Removal efficiencies were assumed to be similar or lower than those observed in this study (tables 6.1 and 6.3)
(2) P95 means 95 percentile. Maximum turbidity values were assumed to be similar or lower than those summarised in
figure 6.3. They were 100, 150 and 300 for raw water types X2 Y2, X3 Y4l and X5 Y4 respectively.
(3) Turbidity values > P95 and maximum (peak) turbidity values are removed by a combination of flow reduction 
at the DyGF stage and greater cumulative removal efficiencies in MSF alternatives.
(4) Mean turbidity passing onto the SSF stage was limited to 10 NTU aiming for SSF run lengths > 30 days.
Similar examples to that summarised in tables 6.4 and 6.5 and in figure 6.4 can be prepared 
for a different set of surface raw water sources. However these examples should be taken as 
an orientation only since they should be based on region-specific experiences with different 
representative rivers and streams. The biological treatment process involved in MSF 
technology is important, but not easy to predict, so under different conditions it cannot be 
guaranteed that similar efficiencies will be obtained. Besides proper training of caretakers of 
small WS systems and continuous support of regional water sector institutions to local 
institutions, or community-based organisations, can imply significant differences in 
performance of MSF treatment plants.
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Sims and Slezak (1991) identified about 71 SSF plants in the USA operating with around 0.9 
m filter bed depths and filtration rates in the range 0.01 to 0.50 mh'1 (71% operating at < 0.25 
mh'1). They report turbidity removals of 70 to 90% in SSF plants operating with influent 
turbidity values in the range 1 to 10 NTU. They also report coliform removal efficiencies > 
99% in 20% of SSF facilities processing influent raw water with coliform level  ^100/100 ml. 
In Andean and Caribbean environments, Pardon (1989), Eudovique (1992), and the present 
study report turbidity and faecal coliform reductions in full-scale plants averaging 19 to 87% 
and 71 to 99.95% respectively. Similar dispersion is found in removal efficiency data with 
CGF alternatives, as considered already in section 3.2.4.1. Therefore, if there is no 
experience with the technology in a region, it is important to adopt conservative design 
parameters in the first MSF plants and preferably start with pilot plant experiments to review 
the functioning of MSF systems under the local conditions. This review is best done in joint- 
learning scenarios (Garcia, et al., 1997; Galvis et al, 1999) where sector professionals, 
sector authorities and communities can together evaluate the viability of the systems.
6.5 Sustainability of Development Projects Including MSF Alternatives
Following a request from the General Assembly of the United Nations, the World 
Commission for Environment and Development discussed the implications of the Sustainable 
Development Concept in their 1987 report. This discussion has had considerable 
implications in all development sectors. The main thrust of the concept is that activities by the 
present generation should not compromise the resources or the environmental condition of 
future generations.
The Development Assistance Committee (DAC) of the Organisation for Economic Co­
operation and Development (OECD) in reaction to this orientation produced a definition of 
sustainable development from a donor agency perspective. It considers a development 
programme to be sustainable when it can provide an appropriate level of benefits, over an 
extensive period of time, after the financial, administrative or technical support of an external 
agency has ended (OECD/DAC, 1988, quoted by MDF, 1992). Warner (1990) presents the 
same concept, orientating it more to the community level by stating that “the success or 
sustainability of a project is achieved when it meets its objectives and is maintained by its 
users over a significant period of time".
Both these definitions, however, do not make a clear reference to the safeguarding of the 
environment, which is becoming the bottleneck in many water supply and sanitation systems. 
Also, it may not be reasonable to expect, as Warner appears to suggest, that the users 
should be left entirely on their own in keeping up their system. Although governments are 
changing their role from providers to facilitators in the water sector, several tasks remain that 
can not be catered for at the community level. Consequently, some external input will be 
necessary to sustain the systems, which should also contribute to building capacity at local 
level. Considerations about sustainability concepts in relation to the MSF technology follows, 
taking into account experiences in promoting SSF technology in Colombia (Quiroga et al, 
1997; Visscher et al, 1997).
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In harmony with the new developments in the sector, the following definition of sustainable 
water supply and sanitation programmes emerges: A water supply or sanitation system is 
sustainable when it (Galvis et al, 1997):
• Provides an efficient and reliable service at a level that is desired
• Can be financially and technically maintained at local level with limited but feasible external support
• Is being used in an efficient way, without negatively affecting the environment.
The definition encompasses the aspects proposed by the OECD/DAC (1988) and by Warner 
(1990), and is in harmony with the WHO Minimum Evaluation Procedures, which stresses 
functioning and use as the main issues to be reviewed (WHO, 1983). The definition indicates 
that sustainability implies a match between the political, socio-economic, legal and 
institutional frameworks in which the systems need to operate, and that it involves three 
strategic inter-linking dimensions as indicated in Figure 6.5 (Galvis et al, 1997).
Figure 6.5. Conceptual framework underpinning the search for sustainability
The community and the local institutions. This dimension concerns different groups of 
people or local organisations with some common, but also some conflicting, interests, ideas 
and different socio-economic and cultural backgrounds. The water supply system may be 
one such common interest, but at the same time can be a major source of conflict. Their 
history and their socio-economic and environmental conditions shape the identity of the 
people in the communities and their local organisations. The community dimension includes 
issues such as the capacity and willingness to pay for the required service level, possibilities 
of national or international institutions to finance or co-finance the initial investment and the 
management capacity at local level. It also includes the possible existence of resources and 
of institutions that can provide support and assistance.
Several participatory activities were developed by interdisciplinary groups of the Cinara 
Institute working with community based organisations and staff members of national and
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international agencies during the gradual process of introducing MSF technology in Colombia 
(Garcia et al, 1997; Visscher et al, 1997). The positive impact of these activities seems to be 
supported by the fact that MSF systems introduced in the Cauca Valley are operating and 
performing well after several years of continuous operation under the control of local level 
organisations. Besides the water quality monitoring programme reported in chapter 4 of this 
thesis, 8 community-based organisations were contacted and some preliminary conclusions 
can be drawn from a survey report prepared by Rojas (1999) in co-ordination with the author 
and other staff members of Cinara. Some points are highlighted below.
• Members of community-based organisations and local managers of WS systems have different 
levels of schooling, from uncompleted primary school up to superior degrees (university). All 
caretakers of MSF plants have less than five years of schooling.
• Local managers and caretakers have been working with their WS system (including MSF) during 
last 4 to 17 years and 2 to 11 years respectively. In five of the 8 WS systems the same caretakers 
have been working with the MSF plants during the last 5 to 11 years.
• In two systems the monthly family income was estimated at around 50 US$. In three in the range 
110 to 130 US$. In one 190 US$. In two 3000 US$. The minimum salary fixed by the government 
in Colombia is 120 US$ approx. In six systems the users pay a tariff based on a fixed charge plus 
an overhead that depends on water consumption. The other two, having the lowest family income 
of contacted organisations, pay a fixed charge.
• In six systems the monthly tariff paid by the families was in the range of 0.6 to 2 US$. In the other 
two it was in the range 35 to 50 US$. These tariffs represent around 0.9 to 2.5% of the income of 
the families. These percentages are inside the guidelines (1.5-2.5%) of EPA (1997) for small 
systems in the USA. However, tariffs do not cover the time spent by community leaders working 
for the systems. The tariff represents some problems in communities having families with the 
lower incomes.
• Only in the two communities with the highest incomes do the tariffs cover both capital and running 
cost of WS systems. In the other six communities tariffs covers running cost with an overhead for 
minor improvements of the systems. The overhead is above 2000 US$ in two communities having 
the highest income values and above 200 US$ in other three communities.
Management of WS&S systems at local level is a crucial aspect under the decentralisation 
process of the water sector in the Andean region. The managerial experience in these 
projects should be recovered in a more systematic way to be optimised and transferred to 
other communities in the region. These projects are contributing not only to improve public 
health but also self-esteem and capacities at local level than can be used in other sectors of 
development. According to WASH (1993), in contrast to other interventions in public health, 
WS&S interventions produce secondary benefits not necessarily related to public health.
The environment, is the boundary that shapes the community and dictates the risks it faces 
and the local resources it can draw from to meet its needs. In water supply projects, these 
risks often relate to issues such as the available water resources, their pattern over the year, 
their level of pollution, sanitation practices of the community, and land and water use 
patterns. The possible effect a water supply system may have on the environment, for 
example by producing wastewater and chemical sludge, also needs to be reviewed. 
Furthermore, it is essential to gain a good insight into the level of contamination and the 
sanitary risks involved. The interface between the environment and the community
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represents the risk the community has to overcome in relation to, for example, its water 
supply. The risk-analysis helps to establish and prioritise actions to reduce the risks, as 
illustrated in figure 6.1.
Science and technology reflected in the knowledge, the culture, the infrastructure and the 
tools that "actors" in development can use to reduce the environmental risks the community 
is facing. The interface between environment and technology represents actions that can be 
taken to reduce the contamination in the water sources or reduce or eliminate them by 
treatment, after applying the multiple barriers strategy summarised in section 1.2. In the 
interface between the community and the environment, priority activities can be identified 
that focus on changes in behaviour in relation to, for example, management of the watershed 
areas and personal hygiene. It encompasses discussions with the community concerning the 
best possible water sources (rain water, groundwater, or surface water) possibly combining 
them to ensure effective use. The interface between technology and community deals with 
the type of solutions the community is expecting, willing and able to manage, and sustain, 
and that are in line with the technical, social, economical and environmental conditions and 
capacities of the community. The activities related to risk reduction could only be sustainable 
if the community adopts the solution and gains ownership of it.
MSF treatment plants introduced in the coffee region of the Cauca Valley were over- 
designed due to the absence of information about the sanitary risks that communities 
(Ceylan, Restrepo, and La Marina) were facing and the lack of experience in dealing with this 
technology in Colombia. They perform well but at a higher initial cost than necessary. All 
MSF plants are contributing to reduce risks associated with drinking water within the 
guidelines recommended by Lloyd and Helmer (1991) and WHO (1993). Local community 
based organisations have developed ownership of WS systems including MSF technology 
and now they take care technically and financially of their infrastructure. The author expects 
that this thesis will contribute to bringing this experience, as part of the interdisciplinary 
working group of Cinara, closer to other researchers and facilitators supporting students, 
local government or community water leaders.
It is considered that solutions matching the three interfaces and the overall political, legal and 
institutional framework summarised in figure 6.5 are most promising in terms of sustainability. 
This requires joint problem solving with the different “actors" involved and a clear role of the 
community in decision-making (Garcia et al, 1997; Galvis et al, 1999). The conceptual 
framework presented in figure 6.5, is a simplification of the elements involved in the process 
and serves to illustrate the diversity of the variables. The complexity of reaching sustainable 
solutions is often underestimated because of lack of information, restrictions in the 
interdisciplinary approach and difficulties in introducing research and development activities 
in the sector. Although scientific or technically oriented institutions may not be able to provide 
immediate solutions in a specific project environment, they should provide tools and 
techniques to initiate the search for them and ensure quality results. The resulting benefits of 
such research activities, if properly shared with sector agencies and communities, may far 
outweigh the investment required to undertake them.
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7 CONCLUSIONS AND RECOMMENDATIONS
Based on the research activities described in this study, the following major findings are 
highlighted, before more specific conclusions are made. Furthermore, recommendations are 
also presented, aiming to improve the development of this technology and its impact in public 
health and wellbeing of communities having to rely on polluted surface water sources for 
their water supply.
The results obtained during this study clearly show that appropriate combinations of coarse 
gravel filtration (CGF) alternatives in series with slow sand filtration (SSF) units, made it 
possible to produce low sanitary risk water from surface water sources with a wide range of 
contamination levels in the Andean Cauca Valley. They also seem to be promising for other 
regions of the world with similar surface water sources. This multistage filtration (MSF) 
technology has proved, both at pilot and full scale, to be highly effective in reducing acute 
risks associated with waterborne diseases. It has also proved to have a good potential for 
reducing the concentration of surrogate indicators of natural organic matter related to the 
formation of oxidation byproducts during terminal chemical disinfection. Terminal disinfection 
of MSF effluents should require only a low-dose of chlorine, which should also contribute in 
reducing potential acute risk associated with this safety barrier against waterborne diseases.
This research also contributed to enriching the available information about the strengths and 
weaknesses of each filtration stage in a MSF plant and in the identification of more rational 
procedures for selecting and designing MSF alternatives.
The results also show that Operation, Maintenance, and Administration (OM&A) 
requirements of MSF technology are within the technical and managerial capabilities 
available in Andean rural and urban human settlements. The introduction and development 
of innovative combinations of two gravel filtration stages reduce the levels of suspended 
solids (SS) during the rainy periods bringing many surface water sources within the range of 
SSF treatment capacity. Most of the SS are removed in the first filtration stage (DyGF stage, 
which is the easiest and least costly to operate and maintain of all treatment stages included 
in MSF plants). SSF units can therefore be operated for longer periods of time without 
cleaning activities, making coarse gravel filtration more economically feasible. This research 
contributed to improving existing O&M procedures of MSF plants by introducing and testing 
new partial cleaning procedures of coarse gravel filtration units.
Small water supply systems, including MSF plants developed and monitored during this 
study, are now fully under the control of community based organizations and local level 
institutions. All of them are covering at least the running costs of the systems. This study 
contributed in clarifying some of the initial (capital) and continuous (running) costs related to 
the application of the MSF technology in the Andean Cauca Valley. The applied methodology 
to implement this exploratory analyses, based on quantities of construction materials and 
time requirements for OM&A, should be useful during preliminary analyses when introducing 
MSF technology to other regions with similar surface water sources to those reported in this 
study.
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}The selection of MSF alternatives is becoming more flexible, with several possible 
combinations of gravel filtration options with SSF units. This study presents a methodology 
for selecting between these options, based on pollution levels in the water source, expected 
efficiencies at each filtration stage, and fulfillment of established water treatment objectives.
• Raw water sources, water quality guidelines and MSF technology
Raw water sources included in this study showed a wide range of contamination levels. The 
identified tendency is to have higher levels of contamination at or close to the flat area of the 
Cauca Valley. However, even the less polluted sources monitored during this research 
require filtration before terminal disinfection to fulfil drinking water quality guidelines. This 
seems to be the prevalent situation in the lower areas of the Andean region, although 
systematic information about water quality in most surface water sources, particularly those 
used by small water supply (WS) systems, is not available.
The microbial and physicochemical improvements brought about by MSF during this study 
were considerably better than thought possible on the basis of the literature review. These 
improvements could be the results of several factors including the impact of DyGF in the 
subsequent treatment stages, good environmental conditions (such as temperature and 
nutrients), long term monitoring after an initial maturation period, and frequent careful 
maintenance procedures. However, MSF is not a panacea. For example, even the most 
robust MSF pilot system tested at Puerto Mallarino showed limitations to treat mean and 95 
percentile values above 70 and 200 NTU respectively. Besides, It was only during test period 
III that all MSF alternatives at Puerto Mallarino produced water with levels <1 5  PCU, 
processing raw water with mean and maximum colour values of 35 and 72 PCU respectively.
The practical application of water surveillance activities, initially introduced in the Andean 
Region during the 1980s, is highly needed to produce more systematic information about the 
risk associated with water sources used for human consumption, which could improve 
selection and design criteria of remedial actions, included MSF plants.
• Removal efficiencies in MSF plants and water treatment concepts
In harmony with the multistage water treatment concept, the potential of combining one or 
two main gravel filtration stages with SSF has been thoroughly established. In this study, 
MSF pilot alternatives, processing a heavily polluted surface water source, showed mean 
faecal coliform, turbidity and colour cumulative removal efficiencies in the ranges of 4 to 5.6 
log units, 95 to 98%, and 80 to 94% respectively. Full scale plants processing surface water 
sources with different levels of pollution showed mean faecal coliforms, turbidity and colour 
cumulative removal efficiencies in the ranges of 2.6 to 4.7 log units, 79 to 96%, and 48 to 
86% respectively. These removal efficiencies, together with those of other parameters, such 
as chemical oxygen demand, iron and manganese, indicate that after this study MSF 
technology can be successfully applied to a broader variety of water qualities, as compared 
to those thought possible before this study.
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At least 98% of the effluent samples of full scale MSF plants showed levels inside available 
guidelines for small WS systems before terminal disinfection. Therefore, MSF technology 
seems to be a technically competent alternative for contributing to enhance the application of 
low dose terminal disinfection in the Andean region.
All MSF alternatives included in this study showed a tendency to adapt their removal 
efficiencies to influent contaminant level and to share the contaminant removals between the 
different treatment stages. The practical application of this conclusion, in harmony with the 
integrated water treatment concept, requires an understanding of strengths and weaknesses 
of each treatment stage. The research results show that the high capacity of DyGF units to 
reduce solid levels, with low initial capital and running costs is the great strength of this 
filtration stage. This stage is protecting subsequent treatment stages, which are playing a 
major role in reducing microbial and chemical contaminants but are more demanding in 
capital investments and running costs.
Two different MSF alternatives having the same cumulative removal efficiencies may have 
very different running costs and vulnerabilities, depending on which stage its playing the 
main role in reducing the risks associated with a particular influent contaminant. Evidence to 
support this conclusion was provided, for example by data from Puerto Mallarino, treatment 
lines 1 (Including UGFS, upflow gravel filtration in series) and 2 (including UGFL, upflow 
gravel filtration in layers). Both had similar turbidity removal efficiencies, but the UGFS, being 
more robust than UGFL, protected better its SSFi. SSFi had longer filtration runs and better 
quality effluents. Therefore, both MSF alternatives (DyGF + UGFL + SSF2) and DyGF + 
UGFS + SSFO fulfilled the multistage water treatment concept, but treatment line 2 (DyGF + 
UGFL + SSF2) did not properly follow the integrated water treatment concept.
• Dynamic gravel filtration (DyGF) as first filtration stage
The potential of DyGF to protect subsequent treatment stages from solid loads and contribute in 
improving the overall water quality in MSF plants was clearly established during this study with 
both pilot and full scale MSF plants. The “protection capacity" of DyGF, as proposed in this 
thesis, originates from the combined effect of removal of contaminants by the filter media and 
reduction of flow due to gradual or abrupt clogging during filtration runs.
Initial filtration rates in the range 1 to 3.7 mh'1 were found to be appropriate from both protection 
capacity and O&M requirement views in the DyGF stage. Lower velocities (1 to 2 mh'1) seem to 
be the option only in those cases in which overall water quality improvement is the priority. 
DyGF units with extremely high filtration rates (> 4.8 mh'1 in this study) will have low removal 
efficiencies but more importantly, they will require frequent total cleaning activities due to high 
proportion (> 50% in this study) of sludge penetrating into the lower gravel layers. Therefore, in 
the absence of other studies about this topic, a maximum filtration rate < 4 mh'1 is 
recommended.
Research results showed that cross surface velocities up to 0.2 ms'1 did not play any role in 
improving SS removal efficiencies neither contributing to reduce cleaning frequencies by
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scouring and transporting away previously removed solids on top of the gravel bed of DyGF 
units. Therefore, it is recommended to eliminate overflow, which was a normal hydraulic 
element in DyGF operation, and include a shallow overflow weir, with its crest around 2 to 5 cm 
above the top gravel layer, at the end of the filtering box. DyGF units built with this innovation 
will work at a constant filtration rate until water level reaches the height of the weir, due to the 
increment of headlosses inside the gravel bed. Afterwards the DyGF units will work at declining 
filtration rate.
Based on the protection capacity shown by DyGF during this study, it is not advisable to use 
maximum suspended solids (SS) concentration in raw water to size the second gravel filtration 
stage. Having DyGF as the first filtration stage, smaller and cheaper units can be projected for 
the second gravel filtration stage to deal with sharp peaks of solids, which are common in small 
Andean rivers.
• Comparative studies on gravel filtration alternatives as second filtration stage
The potential of all gravel filtration alternatives to remove SS was verified during this study. 
However, mean run lengths > 30 days were observed only in those SSF units following those 
gravel filtration options with mean and SD values < 2 mgl'1. Consequently SS concentration < 2 
mgl'1 seems to be an acceptable guideline for water to be treated by SSF units.
On the basis of statistical analyses UGFS (upflow gravel filtration in series) and DGFS 
(downflow gravel filtration in series) provide similar (significance 1%) SS and faecal coliforms 
removal efficiencies. UGFS showed better (significance 1%) turbidity and colour removal 
efficiencies than DGFS. However, these differences in mean removal efficiencies seem to be 
not practically relevant for the overall performance of MSF plants. But, considering that UGFS 
showed better possibilities than DGFS for frequent partial cleaning procedures, UGFS is 
recommended between these two CGF options.
UGFL (upflow gravel filtration in layers) showed one of the two lowest mean removal efficiencies 
of all tested gravel filtration options at Puerto Mallarino, some times being statistically the same 
or even better than that of the MHGF (modified horizontal gravel filtration unit). The shortest 
filter bed length of UGFL between all tested gravel filtration alternatives easily explains its 
somewhat lower efficiencies. However, UGFL being the cheapest tested CGF option, it should 
be an alternative to be considered in dealing with less polluted water sources than the Cauca 
River, as shown during the experiences with full-scale systems. The less good removal 
efficiencies of MHGF, having similar filter bed lengths to UGFS and DGFS, were initially 
assumed, and later supported with experimental results, as being related to poor hydraulic 
performance of HGF (horizontal gravel filtration) technology.
Based on the research results of the second phase at Puerto Mallarino, when all gravel filtration 
options had similar cleaning procedures, UGFS seems to be a better option than HGF and 
HGFS, as it presents better mean removal efficiencies and lower cleaning water requirements.
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• Construction costs and cost models of MSF technology
For the MSF technology the cost increases with the risk level associated with the water 
source. A higher risk requires a larger number of filtration steps and so larger construction 
quantities. Under similar operating conditions (plant capacity, construction materials, labour 
cost and raw water quality), the option of UGFL is the most economical, followed by UGFS-2 
(upflow gravel filtration with two units in series) and UGFS-3. However, when these MSF 
alternatives operate with different filtration rates, cost models could become a practical tool 
to facilitate economical analysis.
The proposed method to obtain these models has been found useful to obtain preliminary 
estimates of cost values. The models have been developed for treatment capacities in the 
range of 2 to 25 Is’1. Nevertheless, the assumptions and criteria indicated in Section 5.5 have 
to be kept in mind while interpreting the data, as the cost models as presented are only 
applicable for the region where the unit costs have been established.
The component with least effect on cost is the DyGF, contributing only between 6 and 8 
percent depending on the characteristics of the other filtration stages in a MSF plant. The 
SSF is the largest with 42 to 56 percent. This implies that the optimisation of SSF could 
provide a considerable cost reduction.
Based on examples prepared with data valid for the Cali area, MSF alternatives including 
DyGF, UGF (upflow gravel filtration in layers or in series) and SSF units, show economies of 
scale values in the range 0.78 to 0.79. Conventional rapid filtration plants have a greater 
economy of scale (0.36) than MSF technology. Consequently, MSF technology should have 
shorter design periods than conventional RF technology.
Based on cost data for the Cali area in the Cauca Valley, MSF could have lower initial 
construction costs than conventional RF technology for treatment capacities lower than 8 (for 
DyGF + UGFS-+ SSF) up to 21 Is'1 (for DyGF + SSF). Considering both construction and 
OM&A costs in a medium to long term basis, MSF become more economically competitive 
than conventional RF technology at least up to 25 Is'1 (the highest flow capacity included in 
the database for analysing MSF costs). This means that for rural communities and small 
municipalities MSF technology is not only technically but also economically competitive.
• Selection of MSF alternatives
A procedure to identify and combine filtration stages in a treatment plant has been proposed 
in this study. It is based on a set of treatment objectives, contamination levels in raw water 
sources, and removal efficiencies expected at each treatment stage. The selection guides for 
MSF alternatives included in this thesis may not apply in different geographical or cultural 
conditions from those described for the Andean Cauca Valley.
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Annex 1: Accessories for Multistage Filtration Plants
The accessories most used in MSF plants can be grouped in two categories: those related to control 
devices and those related to maintenance activities.
A 1.1. Control devices for operation
This group includes the valves for flow regulation, the calibrated overflow weirs and the flow indicators. 
A1.1.1. Flow regulation devices
The first gate valves Cinara used comprised a metal plate protected with an anti-corrosive paint and 
operated with a wheel as shown in Figure A1-1 (A). This simple system however, required regular 
repainting and did not allow fine flow regulation for small discharges (< 10 Is'1). Therefore, a different 
type of gate valve has been established also known as the T-valve (Figure A1-1 (B)) which is more 
sensitive to the variation in flow. This valve is made out of commercially available materials such as 
PVC and acrylic. Some quality problems exist with this valve and although it can be produced locally, 
its cost is not always low, as it is not made on commercial scale.
To avoid these types of problems and to ensure the sustainability of the valves, it is recommended to 
purchase gate or ball valves that are commercially available and that can be easily adapted to different 
pipe diameters.
Figure A1-1: Gate Valves in sheet metal (A) and in PVC and acrylic (B).
A1.1.2. Triangular and rectangular weirs
The free-flowing water over a weir in an open channel is related to the depth of the water above the 
crest of the weir. The most common weirs are made of a thin metal or acrylic plate. Figure A1-2 shows 
two types of weirs. The triangular weir (A) is mostly used for small flow discharge measurements (< 30 
Is'1). The rectangular weir is used at the outlet side of HGF and DyGF filter boxes (B). Two design 
elements are important. The flowing water must reach the weir at low velocity, implying that the water 
surface is smooth and not disturbed by turbulence. Furthermore, the hydraulic head (h) required to 
calculate the volume of water passing over the weir is the difference between the level of the crest of 
the weir and the water surface upstream of the weir at a length equivalent to around 6 to 10 times h.
A1.1.3. Flow indicator device
A flow indicator device has been developed to facilitate the work of the plant operators. This device
comprises a calibrated scale directly installed in the access channel to the weirs, painted in different
colours (green, yellow and red) to give a clear visual indication of the flow ranges which can be 
permitted (Figure A1-3). The green zone indicates the conditions under which the plant operates at the 
design rate. The yellow marks the zones in which the filter operates at a higher or lower but still 
acceptable rate, usually 20 percent above and 50 to 80 percent below the design flow. It also serves 
as the zone where the filter can be operated when peak loads in suspended solids are apparent in the
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raw water. The red colour is used for the zone indicating that the filter is being operated at either an 
extremely high or low velocity. The scale is constructed of aluminium or acrylic.
h = H i d r a u l i c  h e a d  ( m )  
b = W i d t h  o f  t h e  w e i r  (13) 
S = H e i g t h  o f  t h e  c r e s t  o f  
t h e  w e i r  o v e r  t h e  g r a v e l  
b e d  ( 0 . 0 2 - 0 . 0 5 m )
S e e  f ig .  A 1 —3
Gravel 16-13 m m
inGravel 19-16 m m
Gravel 2 5 -1 9  m m CGF
To d r a i n a g e
Figure A1-2: Triangular weir (A) and rectangular weir (B). Outlet rectangular weir in a DyGF unit which
combines constant and declining filtration rates.
72 CO O O O O - * —i -  CD lO CO O
O'  fit *"! q q  — c o t q o i n qXT V t o w ' ? n p i w H H d d d
Figure A1-3. Example of a measuring scale (to be used in vertical position)
A1.1.4. Movable overflow and drainage device for SSF
This movable device is also called “goose neck” because it can be pulled up to be used as an overflow 
facility during SSF runs and push down to drain the supernatant water. Details of this device are 
presented in Figure A1-4.
1. Bend PVC 0 ” x 45°
2. Tube PVC 0 ”
3. Bend PVC 0 ” x 90*
4. Tee PVC 0 ”
5. Adapter  PVC for  c l e a n i n g
6. P la s t i c  J o in t
7. Metal ic  h a n d l e  0 1 2 . 5  m m
8. Tube (wall  c r o s s i n g )  PVC
9. Wooden h a n d l e  
10. Screw
Figure A1-4: Details of the movable overflow and drainage (goose neck) device for SSF.
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A1.2 Maintenance facilitating devices
A1.2.1 Fast drainage valve
The fast drainage valves are connected to the drainage system to facilitate the periodic hydraulic 
cleaning of CGF units. By quickly opening and closing the valves, changes of flow pattern are 
produced which assist in removing the material accumulated on the gravel.
In Figure A1-5 two early designs for these types of valves are presented, one (A) based on experience 
in Peru by Pardbn (1989) and the other (B) developed in Colombia by Cinara (Galvis et al, 1989) using 
a model which is also applied for milk cans. In both designs the operator faces the risk of becoming in 
contact with biologically active wash water, so the use of this type of valve is now discouraged.
The commercially available butterfly valve is equipped with a handle, as shown in Figure A2-5. The 
house of the valve is made of cast iron, stainless steel or bronze. Its main characteristics include easy 
handling, complete sealing of the flow, low headloss and easy instalment and replacement. It can be 
easily connected to the outlet of the drainage system and an extension pipe can be installed after the 
fast opening valve to avoid the contact of the operator with the wash-water. It is now recommended 
that this valve be used in treatment units both first and second CGF stages.
Figure A1-5: Fast opening valves. (A) After experiences of Pardbn (1989); (B) after
experiences of Cinara (Galvis et al, 1989); (C) Commercial (“butterfly”) valve.
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Annex 2: Design of Manifolds
Manifolds consist of a main pipe with orifices lateral pipes, which are usually placed at regular 
intervals. The layout should ensure an equal distribution of flow to establish the best possible hydraulic 
behaviour of the tank or reactor in which the manifold is being installed
Two principal systems exist: dividing-flow manifolds that are used to distribute a liquid in a filter 
medium or tank, and collecting-flow manifolds, which abstract a liquid from a filter medium or tank, 
ensuring a uniform abstraction. Some manifolds are designed to comply with both functions, as is the 
case with drainage systems in rapid sand filters and upflow gravel filters.
Due to the lack of a straightforward calculation method, manifold design is often neglected. As a result 
many treatment plants show poor hydraulic performance and have low efficiency levels. Hudson 
(1981), on the basis of experiments of other researchers (e.g.McNown, 1954; Vennard and Dentoni 
(1954), developed equations which permit the calculation of the headloss coefficients in the orifices or 
lateral pipes. These coefficients can be calculated for both types of manifolds, taking into account the 
lateral entry losses but not the friction losses.
In an upflow gravel filter, a manifold system is used which combines both functions. The system acts 
as a dividing-flow manifold under normal operating conditions and as a collecting-flow manifold when 
being drained for cleaning. Under normal operating conditions low flow velocities are used (0.6 mh'1) 
and thus manifold design is not critical as the gravel bed also ensures uniform distribution of flow. 
When the filter is being drained flow velocity is considerably higher (10 to 20 mh'1 in the present study) 
and therefore manifold design becomes critical. The following sections will focus on collecting-flow 
manifold option.
A.2.1. Collecting-manifold hydraulics
In this section the equations presented by Hudson (1981) are used to establish a design procedure for 
collecting-flow manifolds (figure A2-1). The following assumptions are made:
• The surface area in the manifold main remains constant before and after a branch section.
• The laterals are connected under a 90-degree angle with the manifold main.
• The laterals are circular and connected to the manifold main without extending into its interior.
LateraL (L) en tr ies
Lateral energy grad ient  
Lateral pressu re grad ient 
Energy grad ient in  the m ain  
pipe before la teral d ischarge 7 ~ '
P ressure grad ient in th e m ain  
pipe before la teral d ischarge
(VM3) 
¥g
Energy lo ss by la tera l 
discharg ing  in to  m ain  pipe
Energy grad ien t of m ain  pipe 
after  la tera l d ischarge
P ressure grad ientb  o f m ain  
after  la tera l d ischarge
Figure A2-1: Hydraulic conditions in a collecting-flow manifold
The collecting flow manifold is the opposite of the dividing-flow manifold, with the flow in the beginning 
of the manifold main being smaller than at the end. The water level at the entry side of the outlet ports 
in a given treatment unit is the same for all ports. With sharp edged ports there is an entry loss (Ah) of 
0.4 to 0.5 lateral velocity heads, which is not included in the headloss hf in equation A2-1. There is,
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however, some recovery of velocity head, which ranges from: (a) nearly none when the collecting 
conduit velocity is small compared to the port velocity; to (b) complete recovery when the conduit 
velocity (VM) equals or exceeds about 1.5 times the lateral velocity (vL). This relationship is shown in 
figure A2-2. Rather than representing a head loss, equation A2-1 represents that part of the port 
velocity head that is not recovered.
Figure A2-2: Headloss coefficient of laterals discharging into a collecting-manifold main
(Hudson, 1981).
a = hf
2 g
= 1-0.7 VmVl hf =
VL2
2g
(A2-1)
V,2Hf = Ah + hf => Hf = 0.5—^  +
2g
1-0.7 V m
Vl
0.5 > vL2
2g
Hf =
r
r v . y - V.2 => Hf = p f VL 11.5 -0.7 * x
; v Lj  y 2g
, Where p = 1.5-0.7 VM
<vLy
0.5
(A2-2)
Considering that lin = 1 -5 for the lateral (n) furthest away from the outlet (where VM = 0), and that (i is 
given by equation (A2-2) for other laterals, the following equations are derived
Hfn =_ 1 5(qn/a)2 j  h„ = Si< 3 M  
2g 2g
Accepting a 20 %  difference in flow distribution between the first and the last (n) lateral (orifice), 
implying that qi = 1.2 qn, and neglecting friction loss (rf = Hn):
1.5 (qn/a)2 =Ri (qi/a)2 _> 1 5 ( q n ) 2 =  (j 1(C,1)2 ^  1.5 (qn)2 =  (J i(1 .2 q n )2 =>
2g 2g
Bi = - ^ -  = 1.042
1.2 2
(A2 -3)
A2-2
qi + qn _ Qi _ (1.2 qnjfqn) _ (2.2 qn) 
2 " n ~ 2 2 qn = 0.909 — and qi = 1.091 — (A2 - 4)n n
Furthermore, using R as the ratio a/A (flow area of an orifice or lateral divided by the flow area of the 
manifold main) and the equations (A2-2), (A2-3), and (A2-4), it is find that
13i = 1.042 = 1 .5-0.7
Qi/A
0.5
Rn
1.091
1.5-1.042
0.7
1.091 (Q./na) 
r> R = 0.47/n = 0.5/n
1.042 = 1.5-0 .7
Rn
1.091
n°.5
(A2-5)
With a similar procedure, it could be shown that R would be equal to 0.33/n and 0.15/n for 15 and 10% 
differences in flow distribution respectively. The result presented in equation (A2-5) can be used as 
preliminary guideline, until new evidence advises otherwise. Meanwhile, it is interesting to know that the 
result presented in equation A2-5 is in harmony with design criteria for collecting-flow manifolds 
recommended by Fair et al (1987) and AWWA - ASCE (1998) for rapid sand filtration. These criteria are 
summarised in table A2-1.
Table A2-1. Summary of design criteria recommended for dividing manifolds in rapid sand filtration (Fair 
et al 1987; AWWA -  ASCE, 1998)
Parameter Design criteria
Ro = total orifice area / filter media surface area 0.0015-0.005
Ri = total orifice area / lateral flow area 0.25-0.50
R2 = total lateral flow area / main flow area 0.2-0.6
Orifice diameter (mm) 6-19
Orifice separation (m) 0 .08 -0 .30
Lateral Separation (m) 0.5-1.0
Orifice flow velocities (ms'1) 4 - 5
Example. In this example, the manifold system is designed for an upflow gravel filter having a surface 
gravel bed area of 2.1 x 2.7 m per filter unit. The critical situation will arise when the filter is being 
drained. Flow velocity is estimated at 15 mh'1. The total output of each filter unit thus will be:
Q = (15 mh'1) (2.1x2.7 m2) = 113.4 m3 h'1 = 23.6 Is'1
Based on equation (A2-5), R = total orifice (lateral) area / lateral (main) flow area = 0.5 and assuming 
orifice diameter of 4.76 mm (3/16”), the relation between number of orifices (n) and lateral (main) diameter 
(Dl) will be:
R = (n a) /Al = 0.5 => n = 0.5 DL2 / d02 => n = 0.5 DL2 / (4.76 mm)2 => n = 0.022 DL2 mm "2
Assuming a lateral (main) with DL = 38.1 mm (114”), the number of orifices n will be n = 0.022 mm '2 x
1451.2 mm'2 => n = 32 orifices. Having a total width of 2.1 m, five laterals will be installed, each with two
rows of 6.35 mm (1/4”) diameter perforations on their sides, spaced at 12 cm (16 x 0.12 = 1.92 m) placed 
every 12 cm (16 x 0.12 = 1.92 m), leaving room for installing the manifold main (figure A.2-3).
Using again equation (A2-5), R = total lateral area / manifold main flow area = 0.5 and having a lateral
diameter of 50.8 mm (2"), the relation between number of laterals (n1) and main diameter (DL’) will be:
n' = 0.5 Dl2 / d02 = 0.5 => n’ = 0.5 DL’2 / (50.8 mm) 2 => n' = 0.000194 DL’2 mm '2
Assuming a main diameter of 152 mm (6"), the number of laterals n’ will be n -  0.000194 mm '2x 23104 
mm2 = 4.5 laterals, which would be approximated to 5 laterals. Having a total length of 2.7 m, the laterals 
spaced at 54-cm (5 x 0.54 = 2.7 m).
Figures A.2-3 and A.2-4 illustrate the results of the previous calculations. The flow velocity at the outlet 
of the main will be:
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Manifold la teral — 
PVC 0 0.051 m (2" 
(See figure A2-4)
Manifold main 
PVC 0 0.15 m (6”)
2.70
Figure A2-3: Manifold arrangement in UGF units including lateral and main pipes.
Figure A2-4: Manifold arrangement including orifice distribution in a lateral.
v _ Q1 _ 23.6*10-3m3s-1 . n „ - i  
M1 ~ 0.785Am " 0.785(0.15m) " l '5ms
The headloss originated from laterals discharging into the main can be estimated as:
V: CL
Hfln = 1.5-te-;V in = 0.909x nj -  = 0.909x2g 'in na;
23.6 x10-3 m3s-1 _!= 2.1 ms5x0.785 (0.0508m)
u „ c (2 .1 ms_1) 2 .Hfln = 1 .5 V rr V  = 0.34 mTln 1.96 ms-2
The headloss originated from water entering through orifices into the laterals can be estimated as:
V,
H fm  = 1.5 : V. = 0.909 —  = 0.909------------------5---------- =— ^ = 4.2fL0 2g Lo na 32 x 0.7858 (6.35x10-3m)2
qL ms-1
u . c (4.2 ms-1)2 . ocHf. =1.5   %- = 1.35 m
fL0 19.6 ms-2
Assuming an available hydraulic head of 1.2m at the bottom of the UGF unit, the discharge of the main 
pipe can be placed at around 1m or more below the bottom of the unit.
R0 = (total orifice area / filter media surface area) in the previous example is R0 = (5 x 32 x 0.785 
(0.00635 m)2) / (2.1 m x 2.7 m) = 0.005 / 1.47 = 0.0009, which is closed to the lower limit of the range 
shown in table A2-1.
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R1 = (total orifice area / lateral flow area) in the previous example is Ri = (32 x 0.785 (0.00635 m)2) / 
(0.785 (0.0508 m)2) = 0.001 / 0.002 = 0.5, which is just inside the range shown in table A2-1.
R2 = total lateral flow area / main flow area in the previous example is R2 = (5 x 0.785 (0.0508 m)2) / 
(0.785 (0.152 m)2) = 0.01 / 0.018 = 0.55, which is inside the range shown in table A2-1.
Diameter = 6.35 mm (1/4"), separation = 0.12 m and flow velocity = 4.7 ms'1 orifices are inside the 
range shown in table A2-1
Alternative designs are also possible as long as a good flow velocity distribution is obtained. For 
example, it can be adopted 32 offices of do = 9.53 mm (3/8"), 5 laterals of DL = 63.5 mm (2.5"), and 
one main of 203 mm (8"). The headlosses would be Hfu = 0.14m and Hfl.0 = 0.20 m. The discharge of 
the main pipe can be placed at the bottom level of the unit or below if topographic conditions are 
favourable.
In those situations in which the size of UGF units does not allow to follow previous guidelines or 
wherever a flat topography does not permit to place the fast opening valves low enough to obtain high 
drainage velocities, the false bottom option should be considered, as advised by CEHE (1999).
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Annex 3: Information on analytical techniques
A3.1. Spectrophotometric method for colour measurements
The spectrophometric method is recommended for colour analysis in The Standard Methods, section 
2120C (APHA et al, 1989). This method requires colour measurements at original pH and at pH 7.6 as 
well as to remove turbidity interference by centrifugation and filtration. In this study the pH of the water 
samples was normally at 7.4 and was not adjusted. Turbidity was removed only by centrifugation to 
avoid possible adsorption on the filtering medium, as recommended by Sawyer et al (1994).
Spectrophotometer Shimadzu UV-120-01 was used to facilitate colour measurements. For high colour 
levels (in the range 10 to 100 PCU approx.), light absorbance readings at 455 nm of wavelength with a 
1 cm light path were made using platinum-cobalt standards in the range 0 to 100 PCU. The calibration 
curve produced with these data (see figure A3-1) was used to facilitate colour measurements in 
samples taken from raw water, and effluents of DyGF and CGF stages from the MSF pilot system at 
Puerto Mallarino and some samples from full scale plants. For low colour levels (below 10 PCU 
approx.) a different calibration curve was produced by doing light absorbance readings at 455 nm of 
wavelength with a 10 cm light path using platinum-cobalt standards in the range 0 to 10 PCU. This 
calibration curve was used for colour measurements in samples taken usually from full-scale plants or 
the CGF and SSF stages from Puerto Mallarino.
Figure A3-1 Relationship between colour and absorbance readings with platinum-cobalt standards in 
the range 0 to 100 PCU.
A3.2. Spectrophotometric and Gooch methods for SS measurements
The Gooch method, a gravimetric technique is the recommended procedure to determine SS, 
suspended solids (Sawyer et al, 1994). However, this method is time consuming. In view of this 
limitation of Gooch method, Krawezyk and Gonglewski (1959) developed an alternative procedure 
based on spectrophotometric readings. This method was adopted in this study for low turbidity 
samples (below 20 NTU) to avoid processing large sample volumes.
Several samples were collected from effluents of CGF units. The SS concentrations of these samples 
were measured by Gooch method, according to section 2540 D of Standard Methods (APHA et al, 
1989). Sample water volumes varied between 750 and 3,000 ml, depending on sample turbidity 
values. These samples and their “true” SS values (Gooch method) were used to calibrate the 
spectrophotometer shimadzu UV-120-01 at 810nm-wavelength and 10 cm light path, obtaining an 
absorbance reading for every “true” SS value. Analyses were replicated three times and mean values 
were obtained for each sample and each analytical procedure. Calibration curves obtained with these 
mean values are shown in figure A3-2, based on samples taken from effluents of CGF units of both 
pilot and full-scale plants
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Figure A3-2 Standard curve for suspended solids (mgl'1) versus absorbance at 810 nm in samples 
taken from effluents of CGF pilot units (A) and Full scale plants (B).
Samples were taking again from CGF effluents and were analysed for SS with both Gooch and 
spectrophometric methods. The obtained results were used to validate spectrophometric method. 
Descriptive statistics of data originated from pilot plant samples are presented in table A3-1. These 
data have a lineal regression given by the equation Y = 0.047X + 0.028 (r2 = 0.92), in which Y and X 
are suspended solid values obtained by the spectrophometric and Gooch methods respectively. The 
data originated from full-scale plants have a lineal regression given by the equation Y = 0.0097X + 
0.0211 (r2 = 0.97).
Table A3-1 Descriptive statistics of SS measurements (mgl'1) with samples taken from effluents of 
CGF pilot units using both Gooch and spectrophometric methods.
Descriptive Statistic MethodGooch Spectrophometric
Mean 2.82 2.75
Standard Deviation 2.46 2.50
Minimum 0.40 0.10
Maximum 12 11
Data (number) 58 58
Based on the results obtained with samples from both pilot and full-scale plants the spectrophometric 
method was used for SS measurements with samples having low turbidity values, below 20 NTU.
Comparison between the statistical evaluation for gravimetric and spectrophometric methods was 
made with t-student test verifying that the slope of these line will be 1. The result with 5% of statistical 
significance level indicate that does not exist statistic evidence for disprove the hypothesis. Applying 
the same test and statistical significance level, the result indicated that does not exist statistical 
evidence for deny that the Y intercepted was 0.
In others words, with 5% of statistical significance level, both procedures can be used to estimate SS 
concentrations. Furthermore, the adopted spectrophometric method can be used for the determination 
of suspended solids when great amount of analyses are required because is faster than the volumetric 
procedure described and recommended in the Standard Methods.
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Annex 4: Example of F-Test (Analysis of Variance) application
This example presents an application of F-Test (Analysis of Variance) to mean suspended solids (SS) 
removal efficiencies in DyGF units during Phase I, Period I, of this research work. The statistical model 
used is the randomised block design as represented by equation A4-1.(Vargas, 1991)
Yj = ju + n + J3i + £j (A4-1)
Yy; SS removal efficiencies in i-treatment levels (i = 1,2,3, because three DyGF filtration rates were
tested during Period I) with j-blocks (j = 1,2,3,4.......33, because there were b = 33 blocks,
sampling sessions or repetitions per each filtration rate during Period I), 
p: Mean SS removal efficiency of all Yy values, without distinguishing between treatment levels,
ij! Effect due to i-treatment level. In this case i takes values between 1 and 3. ij represents DyGF
filtration rate i tested during Period I: x-|. = 0.9mh'1, x2 = 1.3 mh'1, and x3 = 1.4 mh'1, (t = 3). 
pji Effect due to block j of observed values in each sampling session, with j changing from 1 to b, b =
33 SS-sampling sessions during Period I. 
ey: Random variation associated with the i-treatment level in the j-block of observed values (the
experimental error)
The basic assumption (null hypothesis) used to apply the model described in the equation A4-1 is that 
all observed values during test runs, divided among several groups according to treatment levels and 
sampling sessions, are all from the same population. This means that there are not statistically 
significant differences between the group means. In this case the null (H0) and the alternate (Ha) 
hypotheses are as follows.
Ho: Ti = x2 = x3, filtration Rate differences in DyGF units do not imply statistically significant
differences in the mean SS-removal efficiencies of all DyGF units, Vs,
Ha: Tj *  xk (i*k), filtration Rate differences in DyGF units does imply statistically significant
differences in at least a pair of DyGF mean SS-removal efficiencies.
The process to accept or reject the null hypothesis (H0), with an established level of significance (a), 
involves the F-Test, after the British statistician, Sir Ronald A. Fisher, who developed the method 
called analysis of variance (ANOVA) on which the F-test rests (Fisher, 1947, quoted by Mesa, 1999; 
Rowntree, 1981). The calculations required by the ANOVA technique to decide about Ho are 
summarised in the table A.4-1
Table A4-1 Summary of Analysis of Variance (ANOVA) with the randomised blocks design.
Source of Variation Degrees of Freedom Sum of squares (SS) Mean square (MS) Fc
Treatment (between) 
Blocks (between) 
Error (within)
t - 1  
b - 1  
(t -1 )(b  -1 )
SSTreat
SSBIocks
SSE
SS Treat/(t-1 ) = MSTreat 
SSBIocks/(b -  1) *  MSBIocks 
S S E /((t-1 )(b  -1 ))  = MSE
M S T reat/M S E  
MSBIocks / MSE
Total t b - 1 S S T
H0is rejected when Fc > F (a, t-1, (t-1)(b-l)), where F (a, t-1, (t-1)(b-1)) is the F-distribution with t-1 and 
(t-1)(b-1) degrees of freedom for the numerator and denominator respectively, a is the significance 
level of the test.
A general notation for the observed data used in this example is shown in the table A.4-2.
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Table A.4-2 General notation for the observed SS removal efficiencies to be used in this example
Block SS removal efficiencies in each sampling session per each f. rate Block means
number Vi = 0.9 mh'1 V2 = 1.3 mh'1 V3 = 1.4 mh'1
Yv y 2 y 3
1 Y., Y,.i Y2.1 Y3, i Y.1
2 Y.2 Yl,2 Y2. 2 Ys, 2 Y.2
3 Y.3 Yl,3 Y2,3 Y3. 3 Y.3
33 Y .33 Yl, 33 Y2, 33 Y3, 33 >*33
Treat Means. Y 1. Y 2. Y 3. Y
SS removal efficiencies per each tested filtration rate and per each block are included in table A4-3. 
This table also includes calculations of sums of squares as required by the third column of table A4-1. 
The calculations of different values required in the analysis of variance summarised in table A4-1 is 
illustrated as follows:
The computations for the column of degrees of freedom follows: for treatment is t -  1 =3-1 =2; for 
blocks is b -1 = 33-1 = 32; for error is (t - 1)(b -1) = 2 * 32 = 64; and for total is tb—1 = 3 * 33-1 = 98.
The computations for the sum of squares column are presented separately in the boxes: A4-1, A4-2, 
A4-3 and A4-4.
Box A4-1. Sum of Square of Treatment (SSTreat)
33 3 2 3 2
SSTreat = 1j=1
ni 33 * I  (y , -
i=1
Y)
33 3
Z S * . .
where y  _ j = 1 1=1
33 * 3 == 71 .8
and Y. = 79.4 ; Y> = 69.7 Y3 = 66.2
then
SSTreat = 33 * (Y - y )2 + (y 2. - v )2 +(y 3.- y )2 = 33 *(58.16 +4.52 +31.12
= 3095.26
Box A4-2. Sum of Square of Blocks (SSBIocks)
33 3
SSBIocks = I E ( v y )
j=1 i=1
SSBIocks = 3 (Y. - Y ) M y 2 -Y )2 -  - (Y 33 - Y);
= 3* (133.02 + 216.96 +...... + 13.84)
= 11496.14
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Table A.4.3 SS removal efficiencies per each DyGF rate and sampling session (block) 
together with calculations required to apply the ANOVA technique as 
summarised in table A4-1.
Blocks Date efficiencies for Vf Sums of Blocks Sums of Totales Sums of Error
0.9 mh' 1.3 mh'1 1.4 m h'1 means Y j (2) (3) (4) (5) (6) (7) (8)
1 88,0 81,7 80,3 83,33 F. 1 133,02 263,35 97,81 71,94 8,44 0,21 6,49
2 87,7 84,2 87,7 86,53 F. 1 216,96 251,90 154,92 251,90 41,71 0,03 45,45
3 75,4 64,4 62,4 67,39 F. 1 19,42 13,29 55,41 88,81 0,21 0,88 0,34
4 85,2 82,0 82,0 83,06 ¥ . 4 126,79 180,79 103,37 103,37 29,31 1,01 20,31
5 75,0 61,2 57,8 64,66 F. 5 51,05 10,24 112,21 197,16 7,53 1,82 1,68
6 85,5 80,3 75,0 80,26 F. 6 71,63 188,41 71,63 10,24 5,46 4,41 0,11
7 87,6 78,7 61,8 76,03 ¥ . 7 17,89 250,92 46,95 100,04 16,08 22,29 74,52
8 62,4 54,8 48,4 55,20 ¥ . 6 275,66 89,01 287,69 548,16 0,19 3,03 1,46
9 80,8 72,6 65,8 73,06 ¥.  9 1,59 81,40 0,64 36,56 0,03 2,70 2,91
10 83,1 71,3 78,7 77,70 ¥. 10 34,76 127,42 0,23 47,29 4,87 18,25 43,30
11 71,0 59,8 65,1 65,29 F . 11 42,43 0,63 144,88 45,04 3,53 11,71 29,19
12 70,0 62,1 58,4 63,51 F . 12 68,74 3,24 93,99 179,00 1,23 0,49 0,26
13 64,0 43,9 43,9 50,59 F. 13 449,98 61,52 778,27 778,27 33,29 21,02 1.18
14 78,9 74,7 75,8 76,49 F. 14 22,01 51,08 8,63 15,92 26,46 0,12 23,99
15 80,9 83,6 84,5 83,03 F. 15 126,12 82,98 140,10 162,45 94,50 7,32 50,63
16 77,5 75,3 82,0 78,28 F. 16 41,95 32,81 12,12 104,50 69,71 0,80 87,33
17 77,3 77,5 73,6 76,13 F. 17 18,76 30,07 32,84 3,17 41,57 12,24 9,29
18 65,7 53,6 43,0 54,11 F. 18 313,07 37,20 330,40 829,72 15,95 2,61 30,37
19 75,5 62,8 40,5 59,60 F .1 9 148,76 13,43 80,55 978,41 68,25 28,32 181,79
20 71,5 46,6 36,1 51,40 F. 20 416,27 0,11 633,74 1274,91 155,63 7,14 94,15
21 84,5 57,4 42,6 61,51 F. 21 105,97 161,74 208,50 850,33 237,52 4,18 176,00
22 67,6 79,5 52,3 66,48 F. 22 28,33 17,53 59,99 381,31 41,78 230,07 74,04
23 82,5 65,0 61,7 69,72 Y. 23 4,32 114,49 46,24 102,68 26,81 6,88 6,03
24 78,8 56,6 60,6 65,32 F. 24 41,99 48,83 232,09 125,30 34,43 44,28 0,79
25 81,2 58,6 82,7 74,19 F. 25 5,69 88,42 173,01 118,96 0,34 180,60 199,41
26 81,4 65,7 57,9 68,33 Y. 26 12,02 92,71 37,04 194,40 30,20 0,27 23,78
27 94,0 91,9 91,9 92,58 F. 27 431,75 491,17 403,48 403,48 38,64 1,98 24,09
28 93,9 81,9 84,3 86,67 F. 28 221,02 487,92 101,04 155,23 0,14 7,37 10,19
29 86,2 76,4 81,3 81,30 F. 29 90,27 206,75 21,37 90,27 7,41 7,72 31,36
30 78,2 60,9 43,3 60,80 Y. 30 121,04 40,56 118,47 811,69 95,47 4,92 141,33
31 83,3 73,8 75,0 77,38 F. 31 31,15 133,02 4,04 10,24 2,71 2,17 10,36
32 83,6 82,2 83,6 83,11 F. 32 127,80 138,34 107,99 138,34 51,03 1.41 36,68
33 82,8 78,1 65,6 75,52 Y. 33 13,84 121,28 40,01 38,13 0,10 22,13 18,45
Means
Treat. 79,4 69,7 66,2
Yi. y2. Yy 71,8 F
(1) 58,16 4,52 31,12
Sums of Columns 3912,55 4739,62 9247,22 1190,54 660,40 1457,29
(1). (Y j -  71 .8 )2 ;i = 1,2,3. (5). ( Y 3 j -  71 ,8 )2 ; j = 1,2......33
(2). (Y j -  71 ,8 )2; j = 1,2.....33 (6) (Y i .j  -  Y 1 . -  Y .1 + Y )  ; j = 1,2..... 33
(3). (Y , j -  71 .8 )2 ; j = 1,2......33 (7). (Y2ij -  Y 2 -Y .2  + Y) ; j = 1,2..... 33
(4). ( Y2 j -  71 ,8 )2; j = 1,2..... 33 (8)- (V3.j -Y 3 .-Y .3  + Y) ;j = 1,2,....33
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Box A4-3. Sum of Square Error (SSE)
SSE =
(Yi,i -  Yi. -  7.1 + Yf +(Yi,2 -  Yi. -  Y.2 + Yf +(Yi,3 -  Yi. -  Y,3 + Y)2 +
(Y 1,4 -  Yi -  Y.4 + Yf +.......................... +(Yi,33 -  Yi . -  Y,33 + Y)2 V, = 0.9 mh'1
+
(Ya.1 Y2 -  Y, + Yf+(Y2,2-Y 2 -  Y2+Yf +(Y23 -  Y2 -  Y 3 +Yf +
(Y24 - Y2 -Y,4+Yf +............................ +(Y233-Y 2. -Y j j+Yf V2=1.3mh'1
+
(Y3,1 -  Y3. -  Y.1 +Yf +(Y3,2 -  Y3. -  Y.2 +Y f  +(Y3t3 -  Y3. -  Y.3 +Yf +
(Y3i4 -  Y3. -  Y.4 + Yf +............................ +(Y3,33 -Y 3 -Y 33 + Y)f
= 1190.54+660.40+1457.29 V3= 1.4 mh'1
= 3308.23
Box A4-4. Sum of Square Total (SST)
SST = X X (ty - Yfi = 1 j = 1
(Y-i.1 _ y)2 + (y12 -  Y)2 + .....  +(Y1i33 -Y  f V, = 0.9 mh'1
+ (Y2i1 - y)2 + (y2i2 -  Y)2 + ..... + (y2 33 -  Y)2 V2= 1.3 mh'1
+ (Y3,1 -  Y )2 + (Y3 2 -  Y)2 + ..... + (Y3 33 -  Y)2 V3= 1.4 mh'1
=  3912 .55 +  4739 .62 +  9247 .22
= 17889 .40
The calculations required by the ANOVA technique are summarised in A.4-4, using the result 
previously obtained for SSTreat, SSBIocks, SSError, and SSTotal
Table A4.4 ANOVA data for the comparison of DyFG’s in suspended solids.
Source of Variation Degrees of 
freedom
Sum of squares (SS) Mean square (MS) Fc
Treatment (between) 2 3095.26 1547.638 29.94
Blocks (between) 32 11496.14 359.25 6.95
Error (within) 64 3308.23 51.69
Total 98 17889.40
With level of significance of a = 0.01, F (0.01,2,64) = 4.98. Therefore, considering that Fc = 29.94 > 
4.98, the null hypothesis (Ho) is rejected, meaning that observed values do not support the hypothesis 
that different DyGF filtration rates do not have an impact on mean SS removal efficiencies.
As Ho was rejected and all the treatment levels have the same number of observed values, the Tukey 
Test is used to do all possible comparisons of mean removal efficiencies originated from the different 
DyGF filtration rates. Tukey test is used when all treatment levels have the same number of observed
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values (Mendenhall, 1997). Tukey test is employed to make all possible comparisons of means based 
on the Minimum Significance Difference (MSD) calculated as follows (Reyes, 1980)
MSD = q(a,tlm)*A|( MS^ )  (A4.2)
In which q (a, t, m) is a critical value of Studentized Range, a is the significance level; t is the number of 
means being compared; n  ^= 64 are the degrees of freedom of MSE (Mean Square of within); and n is 
the data number for each treatment level. The difference between each pair of means (D) is calculated 
as D = Yj -  Yj for i j. The decision rules are as follows:
If D > MSD, the two means are statistically different ( Yj *  Yj ), otherwise they are not statistically 
different ( Yt = Yj). For the example being presented, q (0.01,3,64) = 4.28
MSD = 4.28 x = 5 35
V 33
For this application FT = F i ; F 2 = FT and F 3 = FT then
D j = FT -  FT = 9 .8  ; D 2 = T 2 -  FT = 3 .5  ; D 3 = FT -  T z  = 7 .7
Furthermore, with significance level of 0.01: (3-4)
Dj > MSD, then the means SS removal efficiencies F i  and F 2 are statistically different.
D2 < MSD, then the means SS removal efficiencies F 2 and F 3 are statistically similar, and 
D3 > MSD, then the means SS removal efficiencies F 1 and F 3 are statistically different.
Therefore, Based on the Tukey Test results, mean SS removal efficiencies associated with different 
filtration rates (V), can be presented in the following hierarchical order:
V 1 Is the best filtration rate and different to V~ 2 and V 3
V 2 Is the second and statistically alike V 3 .
This is, with significance level a = 0.01 and MSD = 5.35,
Mean SS removal efficiency associated with v~ 1 = 79.4 (1) is the best.
Mean SS removal efficiency associated with V 2 -  69.7 (2 ) is the second and similar to F 3 ,
Mean SS removal efficiency associated with V~3 = 66.2 (2 ) is also the second and similar to V~2 .
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Annex 5: Residence times in coarse gravel filtration units
A5.1. Modelling residence-time distribution.
A useful model for residence time distribution is shown in figure A5-1, in which virtual completely 
mixed (CM) reactors in series are used to simulate hydraulic behaviour of real reactors. The number of 
CM reactors can have any integer value from 1,0 to n. In general, the sum of the volumes of all the 
virtual reactors is equal to the volume of the real system being modelled.
V = V1 + V2 + V3+ ..............+Vn (A5-1)
Concentration
Figure A5-1. Virtual CM reactors In series for modelling the hydraulic perform ance o f real reactors.
As shown in the figure A5-1, at time to, a slug or step dose of tracer is added to the influent side of the 
CM reactors. The tracer concentration Cn at the effluent side of the CM reactors is given by the 
equation A5-2 (Nauman and Buffham, 1983, quoted by Clark, 1996; Galvis and Perez, 1985),
Cn/Co = n [(n0)‘" ‘ /(n -1)! ] e"'9 (A5-2)
In which Cn, is referred to the maximum expected concentration Co in the last reactor; 0 = t/To, being 
To equal to the total volume of reactor (V) divided by the flow (Q); and n, the number of CM reactors in 
series. Equation A5-2 is a one-parameter (for n) model. As shown in figure A5-2, equation A5-2 allows 
obtaining curves of dimensioniess residence time. As the number reactors increases, the residence 
time density moves from the exponential distribution of the single perfectly mixed tank (n = 1) to a 
distribution that increasingly seems to be centred at 0 = 1. Therefore, as n approaches co, the 
residence-time density for the reactors in series approaches the residence-time density for ideal plug 
flow. This is one of the chief strengths of the reactors in series model.
Using equation A5-2, a general expression (equation A5-3) can be obtained for calculating 1 -  F (t), 
which is the fraction of the flow that remains in the reactor system for a period longer than t:
i'F(t)=S ( S e'ne (A5_3)
Applying equation A5-3 for different number (n) of reactors, it can be obtained figure A5-3 and table 
A5-1, that show the relation between 1-F (t) and 0 and the percentages of flow discharges at different 
fractions 0 respectively.
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R e s i d e n c e  f i m e  f r a c t i o n  ( 9 =  t / T o )
Figure A5-2 Residence time density for different num ber (n) of CM reactors in series
R esid en ce  t im e  r a t io  ( t / n ©)
Figure A5-3 Residence time characteristics of CM reactors in series.
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Table A5-1 Percentage of incoming water discharged at different time fractions.
Theoretical 
fraction of 0
Number of CM reactors in series (n)
1 2 3 4 5 6 12 16 20
t/To >25% 22 9 4 2 1 0 0 0 0
t/T0<175% 82 86 89 92 93 95 98 99 99.8
25%<t/T0 <175% 60 77 85 88 92 95 98 99 99.8
t/To >50% 39 26 19 14 11 8 4 1 0
t/T0 <150% 78 80 83 85 87 89 92 97 98
50%<t/To <150% 39 54 64 71 76 81 88 96 98
t/To >75% 54 44 39 35 32 30 20 15 12
t/T0 <125% 71 71 72 73 75 76 82 85 87
75%<t/T 0< 125% 17 27 33 38 43 46 62 70 75
A5.2. Tracer tests studies with UGFS, HGFS AND HGF lines
Tracer tests were performed to evaluating the hydraulic efficiency of CGF units. Sodium chloride 
(NaCI) was used as tracer substance, which was 99,6 % pure. A calibration graph was prepared 
(figure A5-4) for conductivity versus sodium chloride concentrations.
NaCI concentration (mgl ')
Figure A5-4 Calibration curve for conductivity analysis.
Six tracer tests were carried out between May 18 to August 8, 1995, by applying step doses at the 
inlet weir of each CGF line at the beginning and end of three CGF runs. During all CGF runs filtration 
rate was set at 0,7 mh'1. Table A5-2 shows the results of the tracer test made at the end of second run 
of HGF line (July 12, 1995). In table A5-2, T0, the theoretical residence time (V/Q) was estimated as 
414 minutes. Cn is the conductivity (mS/cm) at the HGF line outlet, which is already corrected by 
subtracting the raw water conductivity observed during the test and the conductivity increments of the 
water inside the gravel bed observed before the test. F (t) is the cumulative distribution function, which 
was obtained by normalising the output concentration with respect to the maximum conductivity value, 
after observed Cn values became close to a steady state condition. 1-F (t) is the fraction of influent 
flow remaining longer than t inside the HGF line.
According to the calculations summarised in tableA5-2, the fraction of flow discharged from the HGF 
line during the period 50%<t/To<150% is 68% (73 -  5%). Considering the theoretical values presented 
in table A5-1, the HGF line has a hydraulic performance similar to that of four (4) CM reactors in 
series.
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Table A5-2 Calculation of F (t) and (1-F (t)) fractions after a step tracer test in the HGF line(1>.
Time
T/To
Cn F(t) 1 - F(t)
(minutes) (uS/cm) (%) (%)
0 0.0 0 0.0 100.0
15 0.04 0 0.0 100.0
30 0.07 0 0.0 100.0
45 0.11 0 0.0 100.0
60 0.14 0 0.0 100.0
75 0.18 2 0.6 99.4
90 0.22 5 1.4 98.6
105 0.25 9 2.6 97.4
120 0.29 11 3.2 96.8
135 0.33 18 5.2 94.8
150 0.36 31 8.9 91.1
165 0.40 47 13.5 86.5
180 0.43 62 17.8 82.2
195 0.47 75 21.6 78.4
210 0.51 97 27.9 72.1
225 0.54 118 33.9 66.1
240 0.58 134 38.5 61.5
255 0.62 151 43.4 56.6
270 0.65 167 48.0 52.0
285 0.69 180 51.7 48.3
300 0.72 199 57.2 42.8
315 0.76 208 59.8 40.2
330 0.80 223 64.1 35.9
345 0.83 229 65.8 34.2
360 0.87 239 68.7 31.3
(1) July 11-12/1995 To = 414 min.
Time
(minutes) T/To
Cn
(uS/cm)
F(t)
(%)
1 - F(t) 
(%)
375 0.91 252 72.4 27.6
390 0.94 253 72.7 27.3
405 0.98 255 73.3 26.7
420 1.01 255 73.3 26.7
435 1.05 263 75.6 24.4
450 1.09 268 77.0 23.0
465 1.12 276 79.3 20.7
480 1.16 277 79.6 20.4
495 1.20 281 80.7 19.3
510 1.23 290 83.3 16.7
525 1.27 298 85.6 14.4
540 1.30 299 85.9 14.1
555 1.34 313 89.9 10.1
570 1.38 315 90.5 9.5
585 1.41 318 91.4 8.6
600 1.45 324 93.1 6.9
615 1.49 329 94.5 5.5
630 1.52 333 95.7 4.3
645 1.56 337 96.8 3.2
660 1.59 339 97.4 2.6
675 1.63 341 98.0 2.0
690 1.67 344 98.9 1.1
705 1.70 344 98.9 1.1
720 1.74 344 98.9 1.1
735 1.78 348 100.0 0.0
LA ”I/Ia*
i t0
0.0 0.5 1.0 1.5 2.0
Residence tim e ratio ( t /T o )
I s:
re  _
E -  © *- 
ee re 0 x
0.0 0.5 1.0 1.5 2.0
Residence tim e ratio ( t /T o )
Figure A5-5 F (t) and 1-F (t) curves for HGF line after the trace test summarised in table A5-2.
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Annex 6 Number and Type of Valves Needed for MSF Systems
Based on the design criteria for the different components of MSF systems and the experience 
obtained in Colombia, an overview is provided of the required valves for different systems (table A6.1). 
The valves have been selected in such a way that they facilitate adequate operation and maintenance 
of the systems. The dimensions of the valves are specified on the basis of a wash flow of 15 mh'1 for 
DyGF and 20 mh'1 for upflow gravel filters;
Table A6.1 Number and type of valves needed for MSF system s (capacity between 2 and 25 Is 1)
Capacity
Is'1
MSF Alternative
DyGF + SSF DyGF + UGFL + SSF DyGF + UGFS (2) + SSF DyGF + UGFS (3) + SSF
2 B(1") + 3B(2") + 
4B(1.5")
4B(1”) + 3B(2") + 
6B(1.5") + 2M(4")
4B (1") + 3B(2") + 6B 
(1.5") + 4M (4")
4B(1") + 3B(2") + 6B(1.5’ ) + 
6M(4")
4 8B(1.5”) + 10(3") +2M(3”)
8B(1.5") + 2B(2") + 
10(3”) + 2M(3") + 
2M(4")
8B(1.5”) + 2B(2")+ 10(3") 
+ 2M(3”) + 4M(4”)
8B(1.5") + 2B(2") + 10(3") + 
2M(3") + 6M(4")
6 8B(2”) + 1 0(4") +2M(4")
8B(2") + 10(4") + 
20(3") + 2M(4") + 
2M(6")
8B(2") + 10(4") + 20(3") + 
2M(4") + 4M(6")
8B(2”) + 10(4”) + 20(3") + 
2M(4") + 6M(6")
8 8B(2") + 1 C(4") + 2M(4")
8B(2") + 10(4") + 
20(3”) + 2M(4") + 
2M(6")
8B(2”) + 10(4") + 20(3") + 
2M(4") + 4M(6")
8B(2") + 10(4") + 20(3") + 
2M(4") + 6M(6”)
10 8B(2.5") + 1 C(6”) + 2M(6”)
8B(2.5”) + 10(6”) + 
20(4") + 4M(6")
8B(2.5”) + 10(6”) + 20(4”) 
+ 6M (6")
8B(2.5") + 10(6") + 20(4") + 
8M(6")
12 80(3") + 1 C(6”) + 2M(6")
120(3") + 10(6") + 
6M(6”)
120(3") + 10(6") + 
10M(6") 120(3") + 10(6") + 14M(6")
15 80(3") + 1 C(6”) + 2M(6")
120(3") + 10(6") + 
6M(6")
120(3")+ 10(6")+ 10 
M(6") 120(3") + 10(6") + 14M(6")
18 120(3") + 10(8") + 2M(6")
160(3”) + 10(8") + 
2M(6”) + 4M(8")
160(3") + 10(8")+ 2M(6") 
+ 8M(8")
160(3") + 10(8") + 2M(6") + 
12M (8”)
20 120(3")+ 10(8") + 4M(6")
160(3") + 10(8") + 
4M(6") + 4M(8")
160(3") + 10(8")+ 4M(6") 
+ 8M(8”)
160(3") + 10(8")+ 4M(6”) + 
12M(8")
22 120(3”) + 10(8") + 4M(6")
120(3”) + 10(8") + 
40(4") + 4M(6’ )+ 
4M(8")
120(3")+ 10(8")+ 40(4") 
+ 4M(6") + 8M(8")
120(3”) + 10(8")+40(4") + 
4M(6") + 12M(8")
25 160(3") + 10(8”) + 4M(6”)
160(3") + 10(8") + 
40(4") + 4M(6") + 
4M(8")
160(3") + 10(8") + 40(4”) 
+ 4M(6") + 8M(8")
160(3") + 10(8") + 40(4”) + 
4M(6") + 12M(8")
(1) B is ball valve; C is gate valve; M is butterfly valve
(2) Example 4B(1") implies 4 ball valves of 1 inch.
A6-1
Annex 7: Descriptive Statistics and Removal Efficiencies Based on Adjusted
Databases of MSF Plants Fulfilling Treatment Objectives Proposed 
in Section 6.3.
Tables A7-1 and A7-2 show descriptive statistics of raw water and effluents of main treatment stages 
of full-scale and pilot scale MSF plants respectively. These statistics were obtained with adjusted 
databases fulfilling treatment objectives proposed in Section 6.3.
Tables A7-3 and A7-4 show removal efficiencies of full-scale and pilot scale MSF plants respectively. 
These efficiencies were obtained with mean influent and effluent values of each treatment stage.
Tables A7-5 and A7-6 show removal efficiencies of full-scale and pilot scale MSF plants respectively. 
These efficiencies were obtained with P95 influent and effluent values of each treatment stage.
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Tables A7-3 Removal efficiencies of full-scale MSF plants. These efficiencies were obtained with
mean influent and effluent adjusted values.
Filtration
Stages Filter bed -  
length (m)
Influent Mean Values Individual Mean Efficiencies
Stage Rates(mh1)
Treatment plant Turbidity
(NTU)
Colour
(PCU)
Faecal 
Coliforms 
(CFU/100 ml)
Turbidity
(%)
Colour
(%)
Faecal
Coliforms 
(Log units)
DyGF stage
1.5 0.6 Shaloom (UGFL) 3.8 14 2,731 22 14 0.2
8.7 0.6 Cartas G. (UGFS(2)) 9.3 21 4,759 0 9 0.3
DyGF 1.4 0.6 Retiro (UGFL) 13 23 4,310 60 15 0.6
0.9 0.6 Colombo (UGFL) 13 25 33,264 62 22 0.6
1.6 0.3 Javeriana (HGF) 22 30 12,456 30 11 0.2
CGF stage
0.7 2.0 Ceylan (UGFS(2)) 2.7 5 331 72 24 0.8
0.6 1.5 Shaloom (UGFL) 3.0 12 1,770 37 21 1.0
0.7 2.0 Cartas G. (UGFS(2)) 9.3 19 2,301 60 14 1.0
CGF 0.7 7.0 Restrepo (HGF) 7.0 12 751 68 41 1.2
0.5 0.9 Retiro (UGFL) 5.1 19 1,078 35 18 0.7
0.5 1.2 Colombo (UGFL) 4.8 19 8,271 40 20 1.2
0.9 4.0 Javeriana (HGF) 15 27 7,189 76 40 1.4
SSF stage
0.13 1.25 Ceylan (UGFS(2)) 0.8 4 52 48 32 1.9
0.15 1.00 Shaloom (UGFL) 1.9 9 168 58 48 1.9
0.12 1.25 Cartas G. (UGFS(2)) 3.7 16 242 79 75 2.6
SSF 0.17 1.25 Restrepo (HGF) 2.2 7 44 72 57 2.0
0.10 1.25 Retlro (UGFL) 3.3 16 220 77 70 2.5
0.08 1.25 Colombo (UGFL) 2.9 15 507 82 73 3.0
0.10 1.25 Javeriana (HGF) 3.7 16 263 79 73 2.7
Treatment Plant Effluent mean values Cumulative mean efficiencies
UGFS(2) + SSF Ceylan (UGFS(2)) 0.4 3 0.7 85 48 2.7
DyGF + UGFL + SSF Shaloom (UGFL) 0.8 5 2.2 79 65 3.1
DyGF + UGFS(2) + SSF Cartas G. (UGFS(2)) 0.8 4 0.7 92 81 3.9
HGF + SSF Restrepo (HGF) 0.6 3 0.5 91 75 3.2
DyGF + UGFL + SSF Retlro (UGFL) 0.8 5 0.7 94 79 3.8
DyGF + UGFL + SSF Colombo (UGFL) 0.5 4 0.5 96 83 4.8
DyGF + HGF + SSF Javeriana (HGF) 0.8 4 0.6 96 86 4.3
A7-4
Tables A7-4 Removal efficiencies of pilot scale MSF plants. These efficiencies were obtained with
mean influent and effluent adjusted values.
Filtration Influent Mean Values Individual Mean Efficiencies
Stage Rate Period Turbidity Colour Faecal Coliforms Turbidity Colour Faecal Coliforms
(mh1) (NTU) (PCU) (CFU/100 ml) (%) (%) (Log units)
DyGF stage
(0 .9 -1 .4 ) I 74 75 40,417 38 11 0.2
DvftF 1 (1 .4 -2 .5 ) II 44 50 31,800 43 14 0.6
(1 .4 -2 .5 ) III 38 35 97,779 45 14 0.8
(1 .9 -2 .8 ) IV 35 50 112,003 46 14 0.6
(0 .9 -1 .4 ) I 47 80 39,178 43 10 0.3
Rv/fiF 9 (1 .4 -2 .5 ) II 32 47 29,947 47 13 0.6
(1 .4 -2 .5 ) III 30 35 93,917 47 14 0.9
(1.9 -  2.8) IV 28 51 90,721 50 16 0.8
CGF stage
0.3 I 46 67 24,409 88 73 2.6
UGFS 0.45 II 25 43 8,843 79 56 2.3
0.6 III 21 30 16,823 80 53 2.4
0.75 IV 19 43 26,624 80 67 2.4
0.3 I 27 72 21,137 73 46 1.9
UGFL 0.45 II 17 41 7,776 60 27 1.4
0.6 III 16 30 11,221 65 30 1.4
0.75 IV 14 43 13,213 67 49 1.5
SSF stage
0.1 I 5.7 18 63 54 72 2.5
SSF 1 0.1 II 5.2 19 45 71 68 2.4
0.55 III 4.1 14 64 76 57 2.0
0.15 IV 3.8 14 116 74 71 2.1
0.1 I 7.3 39 286 74 87 2.6
SSF 2 0.1 II 6.8 30 332 75 73 2.3
0.15 III 5.6 21 455 80 67 2.7
0.15 IV 4.6 22 381 76 77 2.3
Treatment lines Period Effluent mean values Cumulative mean efficiencies
DyGF 1+ UGFS + SS F 1
DyGF 2+ UGFL + SSF 2
I
II
III
IV
III
IV
2.6
1.5
1.0
1.0
1.9
1.7
1.1
1.1
0.2
0.2
0.6
0.9
0.8
1.6
1.0
1.9
96
97 
97 
97
96
95
96 
96
93 
88 
83 
92
94 
83 
80 
90
5.3
5.2
5.2 
5.1
4.7
4.3 
5.0
4.7
A7-5
Tables A7-5 Removal efficiencies of full-scale MSF plants. These efficiencies were obtained with P95
influent and effluent adjusted values.
Filtration Filter 
bed -  
length 
(m)
Treatment plant
Influent P95 Values Individual Efficiencies
Stage Rate(m h1)
Turbidity
(NTU)
Colour
(PCU)
Faecal 
Coliforms 
(CFU/100 ml)
Turbidity
(%)
Colour
(%)
Faecal 
Coliforms 
(Log units)
DyGF stage
1.5 0.6 Shaloom (UGFL) 12 29 10,700 25 3 0.2
8.7 0.6 Cartas G. (UGFS(2)) 24 47 9,490 0 7 0.0
DyGF 1.4 0.6 Retlro (UGFL) 38 51 16,405 71 16 0.7
0.9 0.6 Colombo (UGFL) 35 54 106,750 62 15 0.6
1.6 0.3 Javeriana (HGF) 57 80 57,400 48 26 0.2
CGF stage
0.7 2.0 Ceylan (UGFS(2)) 4.3 12 786 66 23 0.8
0.6 1.5 Shaloom (UGFL) 9.0 28 7,133 46 14 1.2
0.7 2.0 Cartas G. (UGFS(2)) 24 44 8,530 63 17 1.1
CGF 0.7 7.0 Restrepo (HGF) 25 31 2,300 76 44 1.2
0.5 0.9 Retlro (UGFL) 11 43 3,198 27 17 0.7
0.5 1.2 Colombo (UGFL) 13 46 29,725 51 15 1.5
0.9 4.0 Javeriana (HGF) 30 59 32,768 75 36 1.6
SSF stage
0.13 1.25 Ceylan (UGFS(2)) 1.5 9 128 57 33 1.6
0.15 1.00 Shaloom (UGFL) 4.9 24 443 59 59 1.9
0.12 1.25 Cartas G. (UGFS(2)) 9.0 36 720 78 72 2.4
SSF 0.17 1.25 Restrepo (HGF) 5.9 18 157 77 59 1.9
0.10 1.25 Retiro (UGFL) 7.9 35 616 81 74 2.3
0.08 1.25 Colombo (UGFL) 6.5 39 885 82 76 2.5
0.10 1.25 Javeriana (HGF) 7.5 38 754 79 74 2.6
Treatment Plant Effluent P«s Values Cumulative efficiencies
UGFS(2) + SSF Ceylan (UGFS(2)) 0.6 6 3.5 85 49 2.4
DyGF + UGFL + SSF Shaloom (UGFL) 2.0 10 6.0 83 66 3.3
DyGF + UGFS(2) + SSF Cartas G. (UGFS(2)) 2.0 10 3.0 92 78 3.5
HGF + SSF Restrepo (HGF) 1.4 7 2.0 94 77 3.1
DyGF + UGFL + SSF Retiro (UGFL) 1.5 9 2.9 96 82 3.7
DyGF + UGFL + SSF Colombo (UGFL) 1.2 10 2.5 97 82 4.6
DyGF + HGF + SSF Javeriana (HGF) 1.6 10 2.0 97 88 4.5
A7-6
Tables A7-6 Removal efficiencies of pilot scale MSF plants. These efficiencies were obtained with P95
influent and effluent adjusted values.
Filtration Influent P«s Values Individual Efficiencies
Stage Rate Period Turbidity Colour Faecal Coliforms Turbidity Colour Faecal Coliforms
(mh-1) (NTU) (PCU) (CFU/100 ml) (%) (%) (Log units)
DyGF stage
(0.9-1.4) I 196 221 99,500 38 20 0.1
DyGF 1 (1.4-2.5) II 85 95 71,800 41 19 0.5(1.4-2.5) III 81 54 243,100 42 6 0.7
(1.9-2.8) IV 83 128 250,200 43 26 0.6
(0.9-1.4) I 72 218 100,500 44 16 0.3
DyGF 2 (1.4-2.5) II 51 86 72,200 45 14 0.7
(1.4-2.5) III 45 54 197,400 47 6 0.9
(1.9-2.8) IV 52 130 249,750 44 26 0.8
CGF stage
0.3 I 122 176 73,260 93 80 2.4
UGFS 0.45 II 50 77 22,600 82 58 2.20.6 III 47 51 43,250 83 57 2.4
0.75 IV 47 95 70,400 82 66 2.2
0.3 I 40 183 45,300 75 46 1.7
UGFL 0.45 II 28 74 13,891 64 26 1.30.6 III 24 51 26,680 58 25 1.5
0.75 IV 29 96 39,150 69 41 1.8
SSF stage
0.1 I 8.6 36 260 49 69 2.4
SSF 1 0.1 II 9.0 32 156 71 66 2.20.55 III 7.9 22 161 75 55 1.9
0.15 IV 8.4 32 412 68 78 2.2
0.1 I 10 99 834 68 90 2.3
SSF 2 0.1 II 10 55 719 67 75 2.00.15 III 10 38 911 80 68 2.4
0.15 IV 9.0 57 633 64 75 2.0
Treatment lines Period Effluent Piis Values Cumulative efficiencies
I 4.4 11 1.0 98 95 5.0
DyGF 1+ UGFS + SS F 1 IIIII
2.6
2.0
11
10
1.0
2.0
97
98
88
81
4.9
5.1
IV 2.7 7 2.7 97 95 5.0
I 3.2 10 4.1 96 95 4.4
DyGF 2+ UGFL + SSF 2 II
III
3.3
2.0
14
12
6.8
3.7
94
96
84
78
4.0
4.7
IV 2.7 14 6.1 94 89 4.6
i®5®?snYcr
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